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 Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease which affects about 
5 to 8 million individuals in the world. Despite the high prevalence, there is currently no 
cure for IPF, and the cause of this disease is still unclear. Our laboratory and 
collaborators have shown that nudix hydrolase 21 (NUDT21, which is also known as 
cleavage factor 25, CFIm25) is a key regulator of alternative polyadenylation (APA). 
NUDT21 depletion causes 3’UTR shortening via APA leading to enhanced mRNA 
stability and protein translation. This NUDT21 reduction promotes tumor growth in 
glioblastoma by enhancing expression of oncogenes. Cancer and IPF share cellular 
features, such as enhanced expression for pathological mediators and increased cell 
proliferation. However, whether APA plays a role in lung fibrosis is not known. Our results 
reveal that NUDT21 reduction is found in lung fibroblasts isolated from IPF patients. 
Depletion of NUDT21 causes 3’UTR shortening in pro-fibrotic genes, such as Wnt and 
TGFb1, leading to robust protein expression of the pathological genes and ultimately 
worsening of pulmonary fibrosis. Additionally, we found that TGFb1 depletes NUDT21 in 
fibroblasts by transcriptionally inducing miR203 through Smad3. Modulating NUDT21 by 
overexpression or antagomiR203 attenuated NUDT21 reduction-mediated fibrosis in 
vitro. The results of this dissertation are significant in that these findings broaden our 
understanding on the role of APA in fibrosis. The knowledge discovered in this project is 
potentially beneficial as these results may lead to identification of targets for novel 
therapies which can halt the progression of IPF.   
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IDIOPATHIC PULMONARY FIBROSIS 
Definition and Epidemiology 
 Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease with unclear etiology and 
unique pathophysiological characterizations, such as over-scarring of the parenchyma 
and irreversible tissue remodeling (1). IPF affects more men than women; the sex-
specific prevalence is 20.2 and 13.2 per 100,000 persons for men and female 
respectively in the United States according to the epidemiological data acquired in 1990 
(2). A recent report showed that the overall prevalence and annual incidence of IPF are 
18.2 and 7.9 per 100,000 persons affecting up to 200,000 and about 5 to 8 million 
individuals in the United States and World (3–6). IPF has been an active area of research 
and clinical care due to the increasing incidence and prevalence of the disease (7). 
Nonetheless, therapeutic options are limited for IPF, and breakthroughs in the field are 
yet to come. 
 
Presentation and Diagnosis 
Patients with IPF display unspecific respiratory symptoms of the disease at their 
initial visit, such as progressive dyspnea, non-productive cough, or shortness of breath 
which significantly lower the quality of life (8, 9). In addition, clubbed fingers and fine 
crackles predominantly in the lower posterior lung areas are often found as the general 
symptoms of IPF on medical examination (9). The initial step of diagnosis for IPF is to 
exclude known causes of other interstitial lung diseases, such as previous exposure to 
asbestos, silica powders, and bird stool, through the King's Brief Interstitial Lung Disease 
questionnaire (K-BILD). This questionnaire is utilized to determine whether the lung 
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disease is truly idiopathic (8). As a standard of diagnosis, high resolution computated 
tomography (HRCT) is generally utilized to detect the presence of usual interstitial 
pneumonia (UIP) or other UIP-related radiological features, such as ground-glass opacity 
and honey-combing in IPF patients (8, 10, 11). However, for the cases of 
probable/possible UIP or non-classifiable fibrosis, lung biopsy can be performed to 
identify the class of ILD by detecting the presence of unique UIP patterns of IPF, such 
fibroblastic foci, involvement of fibrosis in subpleural area, and patchy fibrosis, although 
lung biopsy is recommended with caution due to its invasiveness to patients (8).  
  
Risk Factors 
 There is no known cause of IPF. Nonetheless, there are environmental, genetic, 
and medical factors that are significantly associated with IPF. Cigarette smoking is the 
most strongly associated risk factor for both familiar and sporadic IPF, and about 41 to 
83% of IPF patients have a history of ever smoking (12–14). The risk of IPF is elevated 
not just in current (the odd ratio = 2.3) but also former smokers (the odd ratio = 1.9), 
suggesting that the detrimental effects of cigarettes on IPF may not completely diminish 
over time (15). Occupational exposures to metal or wood dust have been significantly 
associated with the increased risk of IPF (16, 17). 
 Genetic mutations are associated with IPF (18).  In an early report of genetic 
mutations in IPF patients, it was discovered that a heterozygous mutation in surfactant 
protein C (SPC) causes the exon 4 to be skipped and the terminal 37 amino acid to be 
deleted leading to truncated and altered sequence of SPC. This dysregulation of SPC in 
AEC ultimately leads to pulmonary fibrosis (18). Another case report was published 
where a Q188L missense mutation in SPC in a family is strongly associated with IPF 
(19), suggesting that mutation in SPC is important for pulmonary fibrosis and there is 
 16 
more than one type of mutation for a single gene potentially contributing to IPF. A more 
comprehensive report revealed that there are six additional mutations in SPC gene 
associated with IPF (20). Later, a subsequence mechanistic study demonstrated that 
these mutations in the BRICHOS domain of SPC cause misfolding and aggregation of 
the protein leading to epithelial injuries in AEC, such as ER stress and UPR response, 
contributing to the pathogenesis of IPF (21–23). However, whether these mutations are 
the cause of IPF is controversial because SPC mutations can only account for 1% of 
sporadic cases of IPF (24, 25). 
 An innovation in genomic sequencing revealed more than 6,000 single-nucleotide 
polymorphism (SNP) associated with IPF (26). Surfactant proteins A1, A2, and D were 
identified as potential candidates for mutation-mediated pathogenesis of IPF (26, 27). 
The genes involved in telomerase complex, TERT and TERC, were also found as 
candidates responsible for familiar IPF (28, 29). Interestingly, although the mutations in 
TERT or TERC are unique features of a subset of familiar IPF where genetic 
predisposition plays important roles for the pathogenesis, dysfunctions in these 
telomerase-related genes and shortened telomere are also found in some cases of 
sporadic IPF where environmental factors have more influence on the pathogenesis (30, 
31). This result is clinically important because maintaining telomere and preventing 
telomere-mediated cellular crisis may be beneficial not just to familiar but also to sporadic 
IPF.  
In 2011, a nucleotide polymorphism in the promoter region of MUC5B was 
identified to be associated with IPF (32). This SNP was found in 38% of the patients with 
sporadic IPF and 9% of heathy controls and is associated with 37.4 times higher 
expression of MUC5B, suggesting that this SNP on the promoter leads to overexpression. 
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Collectively, these studies demonstrate that a several genetic predispositions are risk 
factors of IPF.  
 A number of medical conditions are associated with IPF. Gastro-esophageal 
reflux disease (GERD) or acid reflux is significantly associated with IPF and about 87 % 
of IPF patients present GERD (33). Although it is still controversial whether GERD is a 
contributor of IPF or just a co-morbid condition, there are widely known hypotheses for 
the cause and role of GERD. It has been proposed for the high prevalence of GERD in 
IPF patients that GERD is frequently observed in IPF patients because severe fibrosis in 
the IPF lungs alters lung compliance and increases the intrathoracic pressure to occur 
acid reflux. For the role of GERD in IPF, it has been proposed that repeated micro-
aspirations of acidic products of GERD cause chronic lung injury in epithelial cells, 
aberrant wound healing, tissue remodeling, and activation of fibroblasts ultimately 
leading to IPF. Diabetes mellitus and hypothyroidism are prevalent metabolic disorders 
found in IPF patients, but the mechanisms by which these conditions may contribute to 
the development of IPF are still unknown (34). In addition, 58 – 88% and 3 – 22% of IPF 
patients are affected by obstructive sleep apnea (OSA) and lung cancer (34). One of the 
most fatal co-morbid conditions associated with IPF is acute exacerbation which is the 
most common cause of death in the patients (35, 36). 
  
Natural History of IPF  
 IPF is a fatal disease with poor prognosis. Retrospective studies on IPF revealed 
that the mean survival from initial diagnosis is only 2 to 3 years (37). However, IPF has 
a broad spectrum for patterns of progression; a majority of IPF patients show a 
progressive and gradual decline in their lung functions while some remain stable or 
experience acute exacerbation (AE) (37, 38). The most common cause of death in IPF 
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patients is respiratory failure, and about 40% of IPF-related deaths are related to AE (39–
41). 
 Although there is no universal definition of AE for IPF, it is generally accepted that 
any lung injury which is caused by infection, pulmonary embolism, pneumothorax, and 
heart failure should be distinguished from AE (39, 42, 43). In order to be AE, there should 
be unexplained worsening of dyspnea within the past 30 days and newly formed 
honeycombing or bilateral ground-glass confirmed by high resolution CT (43). The 
incidence of AE-IPF is highly variable depending on the reported studies due to the 
variations in study design and the definition of AE-IPF. A retrospective analysis of 461 
patients with IPF revealed that a 1- and 3-year incidence of AE-IPF are 14.2% and 20.7% 
in the patients (44). Similarly, another independent analysis reported the 1- and 3-year 
incidence to be 8.6% and 23.9% (45). The average time for the initial episode of AE-IPF 
from 1st clinical visit is from 3 to 60 months according to a cohort study (46). The mean 
survival rate of AE-IPF patients is 15.5 months which is significantly shorter than 60.6 
months for other IPF patients who have not experienced AE (44). 
 A small group of IPF patients maintain stable lung functions without episodes of 
AE-IPF. These long-term survivors constitute about 25% of the entire IPF patients, and 
their mean survival rate is over 5 years without transplantation (44). According to a data 
analysis, there is a positive correlation between the mean survival rate and the duration 
of IPF; the longer IPF patients lived with the disease, the more likely they would live even 
longer (47).  
 
Treatment 
 IPF was once considered to be an inflammatory disease where chronic 
inflammation is the most critical factor of pathogenesis. Therefore, the official treatments 
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recommended by American Thoracic Society (ATS) included a number of 
immunosuppressants, such as corticosteroids, cyclophosphamide, and azathioprine (12) 
in addition to N-acetylcysteine (NAC) which reduces reactive oxygen species (ROS)  until 
2011 (48).  The first randomized double-blind trial performed for IPF was prednisone 
combined with azathioprine in 1993 where the combined therapy of prednisone and 
azathioprine did not show significant clinical advantages, such as survival rates and lung 
functions compared to prednisone alone (49). In a separate pilot study, NAC, which 
replenishes the anti-oxidant capacity of cells, was added to the traditional prednisone 
and azathioprine therapy as a triple therapy. This triple therapy significantly improved the 
lung functions of the patients with fibrosing alveolitis, which is now recognized as IPF, 
and the positive outcome validated this triple therapy to be a standard of treatment for 
IPF for the next 10 years (50). It is believed that this result was biased and was poorly 
interpreted due to the lack of significant patient size and the poor study design, which 
was not double-blinded. Another clinical trial where NAC was tested in addition to the 
two immunosuppressants demonstrated promising clinical benefits on lung functions, but 
interpretation of this study was limited by the high drop-out rate of patients and the lack 
of a true placebo arm (51). Later in a PANTHER-IPF trial, it was discovered that the triple 
combinational therapy is detrimental to IPF patients significantly lowering the survival 
rate (52). These finding resulted in a strong recommendation of ATS against the use of 
the triple therapy for IPF patients (8, 48).  
 A small pilot study on interferon gamma-1b indicated its effectiveness on IPF 
when it is combined with prednisone (53). However, later this result was disapproved by 
two independent clinical trials of interferon gamma-1b where the treatment showed no 
significant improvements on survival rates and lung functions and these negative 
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outcomes led to a recommendation against the use of interferon gamm-1b for IPF (54, 
55).  
 Pre-clinical data suggested the contribution of coagulation cascade to the 
pathogenesis of IPF which led to a number of clinical trials on anti-coagulants (56, 57). 
A randomized clinical in Japan where 56 patients with IPF were treated with prednisolone 
and an anti-coagulant showed improved survival rates compared to the patients who 
received prednisolone alone (58). However, interpretation was limited for this study due 
to the lack of a true placebo arm. A phase 3, randomized, double-blinded clinical trial for 
the use of warfarin in IPF, ACE-IPF, was terminated early due to severe mortality and 
morbidity issues (59). This failure of warfarin in IPF led to a strong recommendation 
against the use of anti-coagulants for the treatment of IPF (60). Additional post hoc 
analysis where the previous data from clinical trials on anti-coagulants suggested that 
the patients who were given anti-coagulants had significantly higher mortality rates than 
the placebo group (61). 
 Endothelin-1 is a potent vasoconstrictor which promotes epithelial-mesenchymal 
transition and, therefore, potentially contributes to IPF (62). An endothelin receptor 
antagonist, bosentan, has been approved by FDA as a treatment for pulmonary arterial 
hypertension (PAH). Due to the strong association between PAH and IPF and the reliable 
tolerance of the medication, bosentan was tested for the use in IPF in two independent 
clinical trials (63, 64). In the studies, bosentan did not improve the primary end points of 
the investigation which were a change in 6-minute walk distance (6-MWD) and worsening 
of IPF in the patients (63, 64). Another endothelin receptor antagonist, macitenatan, was 
well tolerated in IPF patients, but failed to demonstrate clinical benefits, such as improved 
FVC over 52 weeks (65). 
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 Sildenafil is a phosphodiesterase-5 inhibitor which promotes vasodilation and is 
believed to improve gas exchange in IPF patients (66, 67). A randomized, placebo-
controlled clinical trial, STEP-IPF, was performed to investigate the effectiveness of 
sildenafil on exercise tolerance, dyspnea and quality of life in IPF patients (68). 
Interestingly, despite the failure in meeting the criteria of primary endpoint, 6-MWD, the 
secondary endpoints were met, such as DLCO, dyspnea, and health-related quality of 
life assessed by the St. George’s Respiratory Questionnaire (SGRQ), suggesting that 
sildenafil may be beneficial to patients with IPF. Nonetheless, sildenafil is recommended 
only in a conditional situation according to the official guidelines of ATS (60). A recent 
clinical trial where sildenafil was investigated as a combinational medication with 
nintedanib, a new FDA-approved medication for IPF, revealed that there was no 
significant difference between nintedanib alone and the combined therapy with respect 
to improvements in SGRQ, dyspnea and shortness of breath.  
 Pirfenidone reduces fibroblast proliferation and inhibits transforming growth factor 
beta which is a potent pro-fibrotic cytokine (69). Prior to clinical trials, the efficacy of 
pirfenidone as an anti-fibrotic medication was tested in a number of animal models, such 
as mice, hamster, and rats, and pirfenidone was found to be effective for experimental 
fibrosis (70–73). More importantly, an early clinical trial on the use of pirfenidone for IPF 
suggested potential benefits on improvement in FVC, total lung capacity, and DLCO in 
the patients with IPF, which made a stepping stone for a scientific breakthrough in the 
field of IPF (74). Following this positive outcome, three independent randomized, 
placebo-controlled, Phase-III trials were performed to test the effectiveness of 
pirfenidone for IPF. Only one of the clinical trials revealed significantly reduced decline 
in FVC at week 52 by pirfenidone and the results from the other two clinical trials, 
CAPACITY 1 and 2, were conflicting; a primary endpoint, a reduced decline in FVC was 
 22 
met only in one study (74). Additional clinical trial, ASCEND, suggested that pirfenidone 
significantly reduced decline in FVC and was well tolerated in the IPF patients (75). Later, 
a comprehensive analysis of the three clinical trials revealed that pirfenidone reduced 
not only a decline in lung functions but also all-cause mortality rate as compared to 
placebo (60, 76). Pirfenidone has been a standard of treatment for IPF since 2017 (8). 
 Nintedanib is another FDA-approved medicine for IPF. Nintedanib is believed to 
inhibit a number of signaling pathways of pro-fibrotic growth factors, such as vascular 
endothelial growth factor (VEFG), platelet-derived growth factor (PDGF), and fibroblast 
growth factor (FGF), to halt the progression of fibrosis (77–79). In the TOMORROW trial, 
nintedanib was significantly associated with a reduced decline in FVC, fewer acute 
exacerbations and improved quality of life measured by SGRQ as compared to a placebo 
(80). This positive outcome was consistently repeated in the two independent clinical 
trials, INPULSIS (81). Despite a moderate adverse event, diarrhea, most of the patients 
who received nintedanib tolerated the treatment. A comprehensive combined analysis of 
data from the TOMORROW and INPULSIS trials revealed that nintedanib lowered the 
risk of all—cause mortality compared to a placebo group (60). Nintedanib has been 
approved as a treatment for IPF since 2015 (8). Pirfenidone and nintedanib are the 
current standards of treatment for IPF. However, these treatments are not the ideal 
medications as these therapies are associated with gastrointestinal adverse effects and 
photosensitivity  (82–84). More importantly, the patients on these treatments still display 
a significant progression of the disease, suggesting that better medications are needed 
(60). 
 Lung transplant is the only cure available to IPF patients. However, lung transplant 
cannot the ideal cure for IPF as the surgery mildly increases the 5-year survival rate from 
25% to 51% (38, 85). This result suggests that clinical innovations are urgently needed 
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for IPF to improve outcome of the patients. There are a number of pharmacological 
compounds currently under clinical trials 3 or 4. Pamrevlumab is a monoclonal antibody 
targeting to inhibit connective tissue growth factor. In the PRAISE phase 2 trial, 
pamrevlumab reduced a decline in FVC as compared to a placedo, suggesting that this 
treatment may attenuate progression of IPF (86).  GLPG1690 is an autotaxin inhibitor 
which is emerging as a potential IPF treatment. In a recent phase 2a trial, FLORA, the 
patients treated with GLPG1690 had 25mL of increased FVC at week 12 although the 
placebo group showed 70mL of reduction in their FVC, suggesting that this treatment not 
just stopped the progression but improved the lung functions (87). Fentanyl Citrate is an 
opioid which has been well tolerated and shown to relieve respiratory discomfort. This 




 Prognosis of IPF patients is determined by progression of disease which is 
generally measured by pulmonary function parameters and sometimes high-resolution 
CT. IPF patients show a restrictive pattern in pulmonary function test (PFT), especially 
in total lung capacity (TLC), force vital capacity (FVC), and the diffusion of carbon 
monoxide (DLCO) (89). These parameters and patient characteristics can be used to 
evaluate the initial severity of the disease at initial visit and utilized as a basement to 
evaluate patient prognosis. Changes in these parameters are clinically more meaningful 
than the absolute values to monitor progression of the disease. Therefore, it is 
recommended to perform PFT in the same medical laboratory to minimize environmental 
variations every 6 or 12 months (8). 
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 Among multiple lung function parameters, a decline in FVC% is the best predictor 
of mortality in IPF patients (90–93). In addition, changes in FVC and DLCO at 6- or 12-
months interval can be used to evaluate the worsening, stability, and improvement of 
IPF; greater than 10% and 15% of reductions in FVC and DLCO respectively are 
considered to define disease progression and lead to poor prognosis (12). However, 
there is no consensus on the cut-off value to define the disease pattern for IPF. Some 
authors reported that a decline in FVC greater than 5% within the 6 – 12 months follow-
up indicate a worse prognosis (37). Generally, the clinically meaningful difference in FVC 
is 2 to 6% due to the technical variation.  
 In addition to PFT, 6-MWT can be utilized to evaluate the baseline of IPF and 
predict patient prognosis (94). For actual data acquisition, oxygen saturation is measured 
by pulse oximetry (SpO2) at the beginning and end of the walk which gives a value of 
total desaturation, in addition to the total distance walked by the patient. The SpO2 less 
than 88% is strongly associated with poor prognosis (95, 96). Although SpO2 itself is a 
reliable predictor of prognosis, this value can be further used to suggest the best 
parameter to evaluate the follow-up of the patient. For example, SpO2 at the end of 6-
MWD is less than 88%, a decline greater than 15% in DLCO in 6 months is the best 
predictor or mortality. If SpO2 is greater than 88%, the best parameter is a 10% or greater 
decline in FVC. Distance in 6-MWD can be used as a predictor of prognosis; if the 
distance is less than 250m, the risk or mortality in the first year is two times greater than 
other patients. If the distance is decreased 50m or more at the follow up, the risk of 
mortality is three times greater (95, 96). 
 The presence of pulmonary hypertension at the diagnosis is a factor of poor 
prognosis for IPF, and the patient survival is inversely correlated with the mean estimated 
systolic pulmonary artery pressure (97). Therefore, echocardiography, which non-
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invasively monitors pulmonary hypertension, should be performed for patients with IPF 
at the diagnosis and follow-up. Right heart catheterization can be performed in IPF with 
caution if the patients are 1) receiving lung transplantation, 2) to show clinical 
deterioration, limited ability to exercise, a rapid decline in DLCO, disproportionate 
hypoxemia, and emphysema, 3) suspected to have precapillary pulmonary hypertension 
suggested by echocardiography and 4) to show left ventricular dysfunction with 
preserved systolic function (98, 99).  
 
Pathogenesis of IPF 
 In this section, the data obtained from IPF patients will be mainly reviewed and 
discussed. Currently, there is no animal model which reliably recapitulates the 
pathophysiological features of IPF (100, 101). The most commonly used animal model 
of fibrosis is bleomycin in C57BL/6. However, the bleomycin model lacks a several 
pathological features of IPF, such as fibroblastic foci, and honeycombing. Moreover, the 
fibrosis in the bleomycin model develops over weeks, but the fibrosis in IPF takes a 
decade. Therefore, although the bleomycin model is a useful tool to investigate the 
molecular mechanisms involved in pulmonary fibrosis, the focus of this section is to 
discuss what we have learned from the data from IPF patients. 
 The cause and exact mechanisms for pathogenesis of IPF are still elusive. 
Nonetheless, it is generally accepted that repeated epithelial injuries lead to a highly 
aberrant wound healing and activation of pathological fibroblasts which over-produce 
pro-fibrotic mediators and insoluble matrix proteins in genetically susceptible and aged 
patients (102). Repeated injuries and, thus, cell apoptosis in alveolar type I and II  
epithelial cells are common events and essential features of IPF. A number of 
mechanisms are implicated in this process, such as up-regulation of the Fas-mediated 
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cell death in type I alveolar epithelial cells (AEC) (103). Reactive oxygen species (ROS) 
may play important roles in perpetuated epithelial injuries as H2O2 secreted from 
myofibroblasts and differentiated fibroblasts induce a death signal for AEC. Moreover, 
oxidative stress on DNA is observed in the nuclei of AEC in IPF patients (104). 
Endoplasmic reticulum (ER) stress is implicated in the pathogenesis of IPF. ER is a 
cellular organelle which is responsible for production, folding, packaging, and trafficking 
of secreted and membrane proteins. ER stress occurs when there is a kinetic imbalance 
between protein production and processing (105). As a response to ER stress, cells 
undergo an unfolded protein response (UPR) which helps the cells adapt to the cellular 
stress. If the ER stress is above the cells’ capacity, the UPR activates apoptosis to 
remove the damaged cells from the tissue (105, 106). A number of studies demonstrated 
that ER stress and UPR are evident in the AEC from IPF patients as shown by the several 
markers, such as p50ATF6, IRE1a, and XBP1s (107–109). A several causes of ER 
stress have been found in IPF patients. Herpesvirus accounts for some cases of ER 
stress in IPF patients as the viral protein colocalizes with markers of UPR in AEC (108). 
Mutations in SPC and SPA causes mis-folding of these proteins leading to ER stress and 
UPR as revealed by in vivo data, suggesting that the genetic mutations in SPC and SPA 
may be the causes of ER stress in IPF patients (110–112).  
 Transforming growth factor beta (TGFb) is a pro-fibrotic cytokine which 
contributes to the pathogenesis of IPF by activating and differentiating fibroblasts, which 
will be further discussed in the next section. Among the three isoforms of TGFb, only 
TGFb1 is significantly elevated in the lungs of IPF patients (113). In normal physiology, 
TGFb1 exists as an inactive form bound to latency-associated peptide (LAP), which is 
further linked to a latent TGFb-binding protein via disulfide bond. This large latent 
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complex is bound to extracellular matrix (114, 115). During the initiation and progression 
of fibrosis, AEC overexpress integrin avb6 which can physically bind to LAP of TGFb1. 
The avb6-expressing AEC are further activated via interaction with receptors and its 
binding partners, such as phospholipids sphingosine-1-phosphate and lysophosphatidic 
acid, which promote contractile phenotype of AEC and release of TGFb1 into extra 
cellular spaces (116–118). In addition to its role as a fibroblast activator, TGFb1 inhibits 
proliferation of type II AEC and promotes mesenchymal transition of epithelial cells (119, 
120). 
 
Pulmonary Fibroblasts  
Fibroblasts in Normal Wound Healing 
 Fibroblasts are one of the major cell types in connective tissues and have a pivotal 
role in wound healing (121, 122). In normal conditions, fibroblasts regulate the turnover 
of ECM by balancing the production and degradation of the protein. However, in injured 
tissues, fibroblasts are activated and differentiated into myofibroblasts which display 
more protein-producing and contractile phenotype. This phenotypic change increases 
ECM production in myofibroblasts and leads to wound closure (123). Myofibroblasts 
appear in the early phase of injury, become proliferative in the wound healing phase, and 
progressively disappear as the wound healing process ends (123). These myofibroblasts 
are distinctive from undifferentiated fibroblasts even though both cell types are producers 
of ECM and have similar cellular functions. Myofibroblasts show extensive cell-matrix 
adhesions, abundant intracellular adhesions and gap junctions, and bundles of 
contractile microfilaments, which are also known as stress fiber (124, 125). Moreover, 
myofibroblasts express high levels of desmin, vimentin, myosin, and alpha smooth 
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muscle cell actin (αSMA), a marker of vascular smooth muscle cells as compared to 
fibroblasts (126, 127).  
 A major function of fibroblasts is to synthesize ECM proteins, predominantly 
collagen, fibronectin, glycoproteins, and proteoglycans which are required for normal 
growth, differentiation, and wound repair (127). There is a strong relationship between 
the number of fibroblasts and the amount of deposited ECM, suggesting that fibroblasts 
are responsible for synthesis and accumulation of ECM proteins (128). In addition to 
these ECM proteins, fibroblasts synthesize and excrete a number of extracellular 
proteins, such as laminin, thrombospondin, glycosaminoglycans, hyaluronic acid, 
heparan sulfate, and ECM-regulating proteins, such as matrix metalloproteinase (MMP) 
and tissue inhibitor of metalloproteinases (TIMP) (127). Another function of fibroblasts is 
to generate contractile forces which help close injured sites facilitating wound healing. 
Although fibroblasts play important roles in wound healing and re-epithelization, 
persistence and overactivation of fibroblasts lead to pathological phenotypes, such as 
fibrosis and tissue remodeling. These pathological roles of fibroblasts in aberrant would 
healing will be discussed in the next section.  
 
Fibroblasts in Pulmonary Fibrosis 
 As discussed above, repeated injuries in AEC play a central role in the 
pathogenesis of IPF, especially during the initial stage of the disease. Injured AEC and 
αSMA positive fibroblasts colocalize in IPF lungs, suggesting that these cells directly 
interact with each other for fibrogenesis (129). In vitro experiments demonstrate that 
mechanical damages in epithelial cells activate co-cultured fibroblasts via elevation of 
TGFb1 (130, 131). In addition to TGFb1, there are other pro-fibrotic mediators which 
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activate fibroblasts, such as connective tissue growth factor (CTGF) and sonic hedgehog 
(Shh) (113, 132, 133). As previously discussed, the elevation of TGFb1, following 
epithelial injuries, activates and differentiates fibroblasts into myofibroblasts. The 
pathological hallmarks of IPF are over-proliferation and accumulation of fibroblasts, 
which are the main source of the extracellular matrix (ECM) in the fibroblastic areas (134). 
Fibroblasts are one of the main producers of extracellular matrix (ECM) that can be found 
in the fibroblastic foci of IPF patients, which is negatively associated with patient 
prognosis (135, 136). These cells actively produce pro-fibrotic mediators promoting the 
establishment of profibrotic microenvironments for self-sustaining fibrogenesis (137–
139). The uncontrolled protein expression in fibroblasts has been extensively studied in 
the perspective of transcriptional regulations (140). However, it remains unclear whether 
fibroblasts overexpress profibrotic mediators and ECM proteins through post-
transcriptional regulations. Therefore, in this project, a novel post-transcriptional 
regulation, alternative polyadenylation, was investigated whether this mRNA processing 
leads to protein overexpression for pro-fibrotic mediators and ECM proteins in fibroblasts 
leading to the pathogenesis of pulmonary fibrosis. 
  
RNA Metabolism 
 Gene expression is controlled at multiple levels in cells from transcription to 
translation where many regulatory mechanisms are involved as a network. The network 
of regulatory mechanisms for gene expression is sensitive to internal and external stimuli 
and induces cellular responses to specific conditions (141). In eukaryotic cells, precursor 
mRNAs, which are derived from DNA, undergo a series of mRNA processing and 
modifications to become mature and, therefore, to be used as a template for protein 
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expression. mRNA maturation includes the addition of 5’-cap, splicing of RNA, cleavage 
of 3’ untranslated regions (3’UTRs), and addition of a polyadenylated tail to the 3’UTR 
(142–144). The length and sequence of 3’UTR is determined by the polyadenylation 
process as an endonuclease in the polyadenylation machinery truncates an unprocessed 
3’UTR followed by addition of polyA tail during the process (145). 
 RNA transcription has been extensively investigated as a critical step of gene 
expression because transcription of gene is one of the initial steps in the network of gene 
regulation. These studies revealed how transcription factors are recruited and activated 
at protomer sites and how these interactions lead to transcription of certain genes in 
response to cellular stimuli. However, as the knowledge in transcription and RNA 
metabolism progressively grows, other important RNA regulatory pathways are 
additionally discovered and characterized. For example, 5’ and 3’UTR of mRNAs had 
been neglected due to their lack of ability to encode a protein, but it has been identified 
that these non-coding sequences include important regulatory elements directly 
impacting on gene expression via post-transcriptional regulations (146). In short, 3’UTRs 
affect mRNA stability, RNA export to cytoplasm, localization, and translation efficacy by 
interacting with RNA-binding proteins (147).  
 3’UTRs are evolutionally conserved through species in general, suggesting that 
3’UTR is potentially beneficial to survival by adding additional regulatory points for gene 
expression. There are two types of regulatory elements in 3’UTR, cis- and trans-acting 
elements. Cis-acting elements refer to regulatory elements within the same mRNA. The 
adenylate uridylate (AU-rich) element (ARE) is one of the most common types of cis-
acting element in 3’UTR of mRNA. ARE is one of the strongest regulators of mRNA for 
translational repression and destabilization although not all mRNAs have these elements. 
The presence of ARE, typically repeats of AUUUA, is associated with short half-life of 
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mRNAs and the length of the ARE repeats is proportional to mRNA instability (147). 
Therefore, ARE is usually found in the genes that require transient gene expression, 
including cytokines and chemokines (148). ARE mediates mRNA degradation by 
facilitating de-adenylation of RNA, which is critical for mRNA protection. There are two 
pathways by which AREs facilitate mRNA degradation, non-processive and processive 
mechanisms. Some mRNAs are degraded in a non-processive way by first being de-
adenylated, then, followed by degradation of mRNA cores, and others undergo mRNA 
degradation in a processive way by being degraded simultaneously by exo- and endo-
nucleases (149).   
 Micro RNAs (miRNAs) are trans-acting elements and non-coding RNAs which 
regulate expression of protein-coding genes by destabilizing transcripts or repressing 
translation (150, 151). A number of reports demonstrated that the major inhibitory effect 
of miRNAs is to lower levels of target transcripts and their ability to inhibit translation is 
milder (152, 153). In humans, over 1,000 miRNAs have been identified comprising about 
5% of the human genome (154). Pre-miRNA are processed to 21–25 nucleotide via its 
maturation processes and enter RNA interference pathway. The first 7 nucleotides, 
except the very first one, are the seed regions which specifically recognize a 
corresponding nucleotide sequence in 3’UTR and antagonize the transcripts (153, 155). 
A recent study demonstrated that miRNAs target both coding regions and 3’UTR, but its 
inhibitory effect is greater when 3’UTR is targeted, suggesting that 3’UTR is the main 
target of miRNAs for gene regulation (155). Moreover, the number of miRNA binding 
sites is directly proportional to the strength of inhibitory effect (153). In summary, miRNA 
is an important regulator of gene expression targeting 3’UTR of mRNA to destabilize 




Alternative Polyadenylation  
 3’UTR of eukaryotic cells is polyadenylated to enhance its stability against mRNA 
degradation. The cleavage and addition of a PolyA tail to mRNAs are tightly regulated 
by the polyadenylation and cleavage machinery (145). 3’UTR is cleaved by an 
endonuclease about 25 nucleotides downstream of a polyA signal (PAS), typically 
AAUAAA, preferentially after a CA dinucleotide (156, 157). Following the cleavage of 
RNA, a few hundreds of adenosine monophosphates are added to the end of 3’UTR via 
polyadenylation. The polyA sequence is recognized by polyA binding proteins to prevent 
mRNA from degradation. This polyadenylation is important not just for mRNA stability 
but also for mRNA transport from nucleolus to cytoplasm.  
 About 85 proteins are involved in the cleavage and polyadenylation machinery for 
3’UTR processing in mammalians (158). The most critical subunits in the machinery are 
cleavage and polyadenylation specificity factor (CPSF), symplekin, and cleavage factors 
I and II (CFIm and CFIIm). CPSF has five subunits, including CPSF-30, CPSF-73, CPSF-
100, CPSF-160, and hFIP1. CPSF-160 has an RNA binding motif recognizing the PAS, 
such as AAUAAA and AUUAAA, and physically interacts with Cleavage Stimulation 
Factor (CstF) and polyA polymerase (PAP) (159). CPSF-73 is the endonuclease which 
cleavages 3’UTR (160, 161). Although CPSF-100 is considered a homology of CPSF-
73, the lack of a zinc-binding domain in CPSF-100 suggesting its inactivity as an 
endonuclease (162). CPSF-30 contains a zinc-finger motif which helps the 
polyadenylation machinery bind to pre-mRNA and enhances the efficacy of cleavage and 
polyadenylation (163). hFIP1 interacts CPSF-30 and directs PAP to the PAS (164). 
Simplekin acts as a scaffolding protein bringing binding partners of the cleavage and 
polyadenylation (165). 
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 CFIm and CFIIm are the subunits that are primarily responsible for the process of 
cleavage (166). CFIm is distinguished from CFIIm because CFIm physically recognizes 
and binds to upstream sequence elements (USE), which is a few nucleotides upstream 
of PAS, enhancing the specificity of polyadenylation on 3’UTR. Nudix hydrolase 
21(NUDT21, which is also known as cleavage factor 25, CFIm25) is a subunit in the 
CFIm and is one of the most important sub-protein of the cleavage and polyadenylation 
machinery due to its ability to recognize UGUA signals in USE regions and interact with 
PAP and polyadenylation binding protein (PABP), providing additional specificity of 
polyadenylation in the case of having multiple PAS (167). CFIIm interacts with CFIm and 
CPSF to enhance the cleavage reaction (168). PAP is the catalytic subunit which 
synthesizes polyadenylated tails and adds to 3’UTR and PABP binds to polyA tails to 
stabilize the mRNA and help control the length of the polyA tails (169). 
 About 50 - 70% of human genes contain more than one PAS (170). Therefore, 
polyadenylation can occur at a different PAS even for an identical gene, generating 
mRNAs with the same coding sequence but different lengths of 3’UTRs (170, 171). 
Hence, this process is called alternative polyadenylation (APA). In general, distal 
polyadenylation sites (dPAS), which are farther from the last exon, are preferred for 
PolyA, leading to long 3’UTRs. However, in highly proliferating cells, proximal 
polyadenylation sites (pPAS) are preferred for PolyA, leading to 3’UTR shortening (172). 
The transcripts with shortened 3’UTR are more stable and associated with enhanced 
protein expression because the shortened mRNAs may no longer contain miRNA binding 
sites or ARE which are destabilizing elements of mRNA (173).  APA leading to shortening 
and lengthening of mRNAs is differentially regulated during development and 
pathogenesis of certain diseases. The roles of APA in normal physiology and pathology 
will be discussed in the next section. 
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Alternative Polyadenylation in Physiology 
 APA plays important roles in physiology, especially neural development, immunity, 
and cancer (174, 175). Mutations in PAS are associated with hematological disorders 
and cancer. FOXP3 is an important transcriptional regulator for the maintenance of 
regulatory T cells. A single point mutation in a PAS from AATAAA to AATGAA causes a 
significantly reduced expression of FOXP3 leading to dysregulated T cell development 
and immunodeficiency in the patients (176, 177). This type of SNP is found in cancer as 
well. A SNP in a PAS within p53 from AATAAA to AATACA is associated with 
dysregulated 3’UTR processing in the transcripts and increased risk for a several cancers, 
such as cutaneous basal cell carcinoma, prostate cancer, glioma and colorectal 
adenoma (178). This type of mutation in PAS and disrupted 3’UTR processing are found 
in other diseases, including neonatal diabetes (179), α-thalassaemia (180), β-
thalassaemia (181), and systemic lupus erythematosus (SLE) (182). In these cases, the 
loss-of-function mutation in PAS are associated with reductions in transcript and protein 
levels of the affected genes due to the impaired 3’UTR processing. These results indicate 
that APA is important for mRNA stability and translation. A gain-of-function mutation and 
an insertion of a new proximal PAS in 3’UTR of interferon regulatory factor 5 (IRF5) is 
associated with increased use of a proximal PAS generating a shorter and more stable 
IRF5 transcripts. This mutation, due to the increased stability of IRF5 transcripts, leads 
to increased protein production for IRF5 and ultimately SLE, an autoimmune disease, in 
the patients (183). In summary, the mutations disrupting PAS are associated with 
decreased protein expression, and the SNP inserting an early PAS induces 3’UTR 
shortening and is associated with enhanced mRNA stability and protein expression. 
These results collectively suggest that APA is an important regulatory process for mRNA 
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stability and protein expression and its significant impact is not just at cellular but also at 
organism levels. 
During development, protein expression for some genes are regulated by APA. In 
a recent report for APA and neurological development, it has been demonstrated that 
mRNAs with long and short 3’UTR are associated with decreased and increased protein 
expression respectively in mouse neurons (184). These results suggest that APA can 
affect protein expression as a post-transcriptional regulation. Another study in neurons 
revealed that there is a global lengthening of mRNA in differentiated granule cells, 
suggesting that APA may play a pivotal role in neuronal differentiation. In the study, 
Memo1 mRNA, a regulator of proliferation in the neurons, is a target of APA and 
displayed a significant shortening in the transcript associated with reduced expression of 
the protein, suggesting that global mRNA shortening in differentiated neurons leads to 
decreased cell proliferation via suppression of protein expression (185).  
mRNAs of highly proliferative or cancerous cells have shortened 3’UTR 
associated with fewer miRNA target sites (186, 187). The 3’UTR shortening by APA 
potentially leads to increased protein expression, especially for oncogenes, such as 
cyclin D1 (CCND1) (145, 188). During the development of colorectal cancer, a distinctive 
pattern of APA was observed. When colorectal adenoma was progressed to carcinoma, 
global 3’UTR shortening of mRNA was found. APA target genes, dermokine (DMKN), 
pyridoxal kinase (PDXK), and peptidylpropyl isomerase E (PPIE), showed that 3’UTR 
shortening in the transcripts is the most evident at the carcinoma stage (189). 
Considering the fact that the transition from normal to colorectal adenoma does not 
significantly induce global 3’UTR shortening, 3’UTR may affect progression of tumor, not 
initiation. This hypothesis is consistent with the result from a recent study which 
demonstrated that global 3’UTR shortening in glioblastoma enhances tumor growth (190).  
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Recent studies in cancer suggest that a protein in the polyadenylation machinery, 
NUDT21, determines PolyA site usage (190, 191). Knock-down of NUDT21 leads to 
usage of proximal PolyA sites and, therefore, global 3’UTR shortening in mRNAs (190). 
Moreover, NUDT21 reduction promotes cell proliferation and tumor growth in HeLa and 
glioblastoma cells. These results suggest a novel mechanism by which NUDT21 
reduction promotes robust protein expression and ultimately tumor growth via global 
mRNA shortening/stabilization. Similar to cancer, fibrotic progression is also 
characterized by uncontrolled proliferation and production of pathological proteins, which 
are pro-fibrotic mediators in fibroblasts, suggesting that NUDT21 reduction and thus 
overexpression of pathological proteins may be implicated in the pathogenesis of 
pulmonary fibrosis. 
Despite the importance of APA and NUDT21 reduction in gene expression, 
whether NUDT21 downregulation contributes to the pathogenesis of pulmonary fibrosis 
was unknown when this project was first initiated. Therefore, the goal of this thesis project 
was to characterize the role of NUDT21 in the pathogenesis of IPF and reveal the 












IPF is a fatal lung disease, characterized by proliferation of fibroblasts and 
accumulation of ECM proteins. Outcomes for IPF patients are poor, with the 5-year 
survival rate being only 18% (44). Moreover, the mean survival of IPF patients is only 
2~3 years (38). The current therapies for IPF are limited in that they do not improve the 
mortality rate (75, 192–194). Therefore, the development of better therapeutic 
approaches for IPF is urgently needed. To achieve this clinical goal, a better 
understanding of the mechanisms of pulmonary fibrosis is necessary to promote novel 
IPF drug development. 
Fibroblasts are the most common producers of ECM proteins, such as collagen 
and fibronectin in fibrosis. These cells are frequently found in the fibroblastic foci in the 
lungs of IPF patients, surrounded by ECM (195). This clinical observation suggests that 
fibroblasts are critical cells in the pathogenesis of IPF producing the majority of matrix 
proteins (120, 196, 197). Although the over-production of ECM by fibroblasts is, in part, 
responsible for the uncontrollable progression of pulmonary fibrosis, the exact 
mechanisms governing the excessive production of pro-fibrotic proteins are poorly 
understood. 
Polyadenylation is a mRNA process which adds polyA tails to 3’UTRs of mRNA. 
This process enhances mRNA stability and promotes a transport of mRNAs from nucleus 
to cytoplasm for mRNA translation. About 50 - 80% of human genes contain more than 
one PAS which leads to generation of isoforms mRNAs with the same coding sequence 
but different lengths of 3’UTR (170). Due to the possible polyadenylation on different 
PAS, this process is called alternative polyadenylation. Since APA regulates the length 
of the 3’UTR on mRNAs, this post-transcriptional regulation affects gene expression by 
modulating the interaction between 3’UTR and mRNA-degrading elements.  In general, 
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3’UTR shortening through APA makes mRNAs more stable and resistant to degradation 
(198, 199). This stabilization of mRNAs results in enhanced protein expression (195). A 
recent study revealed that NUDT21 (which is also known as CFIm25, a subunit of the 
polyadenylation machinery) suppresses the usage of pPAS during APA and a reduction 
in NUDT21, found in cancer cells, leads to global mRNA shortening and enhanced 
protein expression for the APA target genes. The NUDT21 reduction promotes cell 
proliferation and tumor growth in glioblastoma cancer cells (190). This result suggests 
that NUDT21 reduction in cancer promotes tumor growth and cell proliferation via 3’UTR 
shortening and APA enhancing protein expression. IPF is a lung disease which is 
characterized as over-proliferation of fibroblasts and robust production of pathological 
proteins. These cellular characteristics are common in cancer and IPF, suggesting that 
APA may play important roles in IPF (200). Therefore, it was hypothesized that APA 
via NUDT21 reduction contributes to the pathogenesis of IPF. In order to test this 
hypothesis, the following 4 aims were investigated: 
 
Aim 1. Determine whether NUDT21 is depleted in the fibroblasts isolated from IPF 
patients and mice with bleomycin-induced fibrosis 
 Tissue sections from healthy and IPF lungs were used for immunohistochemistry 
(IHC) analysis to visualize expression of NUDT21. The IHC revealed that NUDT21 was 
evidently localized in nuclei of pulmonary cells in the normal lung, including epithelial 
cells, smooth muscle cells, and fibroblasts. However, in IPF lungs, NUDT21 was 
significantly reduced in lung fibroblasts, especially fibroblastic foci where fibroblasts 
actively proliferate and produce ECM. For quantitative analysis, primary lung fibroblasts 
from healthy or IPF patients were used to examine the expression of NUDT21 protein 
and transcripts. The Western Blot analysis demonstrated that NUDT21 was significantly 
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depleted in IPF lung fibroblasts. Additionally, the primary fibroblasts isolated from the 
mice with bleomycin-induced fibrosis had significantly reduced NUDT21 associated with 
an increase in ECM proteins (201). The key results of this aim are shown in Chapter 3. 
 
Aim 2. Characterize the roles of NUDT21 depletion in pulmonary fibrosis  
 In order to examine the impact of NUDT21 reduction in APA, siRNAs specific to 
mRNAs of NUDT21 were used to deplete NUDT21 in primary human lung fibroblasts. 
NUDT21 depletion caused global mRNA shortening, and the APA occurred in a number 
of pro-fibrotic genes, such as TGFbR1, WNT5a, and FZD2. The 3’UTR shortening in 
these genes was associated with increased expression of proteins, suggesting that 
NUDT21 reduction leads to enhanced protein expression via APA. To examine a causal 
relationship between NUDT21 reduction and lung fibrosis, NUDT21 was deleted in 
fibroblasts of the Col1a1-creER-NUDT21f/f mice followed by establishment of bleomycin-
induced fibrosis. Fibrosis was worse in the NUDT21 knockout mice as shown in multiple 
parameters of fibrosis. Moreover, NUDT21 deletion caused 3’UTR shortening of 
TGFbR1, WNT5a, and FZD2 associated with increased levels of the proteins. The details 
of these results are shown in Chapter 3. 
 
Aim 3. Examine the mechanism(s) of NUDT21 depletion in pulmonary fibrosis.  
 To identify the pro-fibrotic molecule which leads to NUDT21 depletion, primary 
human lung fibroblasts were cultured with cytokines/growth factors associated with IPF. 
TGFb1 decreased NUDT21 at mRNA and protein levels associated with an increase in 
ECM proteins. mRNA degradation assay revealed that TGFb1 enhanced mRNA 
degradation of NUDT21. miR203 which targets 3’UTR of NUDT21 was elevated following 
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TGFb1 via phosphorylated Smad3 and a transcriptional regulation. In addition, TGFb1 
reduced NUDT21 in primary lung fibroblasts isolated from mice via Smad3. Furthermore, 
TGFb1 overexpressing mice demonstrated that TGFb1 depleted NUDT21 in vivo 
associated with enhanced expression of ECM proteins. The results of this aim are 
included in Chapter 4. 
 
Aim 4. Investigate the role of TGFβ1 as a promoter of APA through NUDT21 
depletion.  
 To investigate the regulatory role of TGFb1 in APA, the fibroblasts which were 
cultured with TGFb1 and, therefore, had low NUDT21 were harvested for RNA-seq and 
APA analysis. TGFb1 treatment in the primary lung fibroblast promoted differential APA, 
both shortening and lengthening of mRNAs. This differential APA was also observed in 
IPF fibroblasts, suggesting that this APA pattern is a unique feature of the disease. 
FGF14, RICTOR, TMOD2, and UCP5 were the targets of APA both in NUDT21 knockout 
and TGFb1 fibroblasts and had increased levels of protein expression. The results of this 
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 Primary human lung fibroblasts were isolated directly from human lungs (explant 
IPF lungs or normal lungs from donors) in the laboratory following the institutional 
protocols. IPF lungs were de-identified and obtained from the Methodist Hospital 
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Cardiothoracic Transplant Center or the Lung Transplant Center at Memorial Hermann-
Texas Medical Center. The protocols for the use of human samples in this project were 
approved by the University of Texas Health Science Center at Houston (UT Health, 
Houston, TX, USA), the Methodist Hospital, and the Memorial Hermann Hospital 
institutional review boards. IPF lungs were collected during lung transplant surgery and 
were processed within 60 min. The normal human lung tissues were obtained from the 
International Institute for the Advancement of Medicine (IIAM). The information on patient 






Gender, n (%) 10 15 N/A 
   Males 7 8 N/A 
   Females 3 3 N/A 
Age (Mean ± SD) 36.7 (±17.0) 63.5 (±11.0) 0.0004 
BMI (Mean ± SD) 26.9 (±4.8) 27.6 (±4.3) 0.6815 
PA Mean N/A 19.2 (±4.9) N/A 
FVC, % (Mean ± SD) N/A 50.7 (±14.6) N/A 
DLCO, % (Mean ± SD) N/A 45.2 (±18.4) N/A 
FEV1, % (Mean ± SD) N/A 58.1 (±15.0) N/A 
TLC, %(Mean ± SD) N/A 62.5 (±17.2) N/A 





Generation and Genotyping of Mouse Lines 
 C57BL/6 mice were purchased from Envigo and housed following the guidelines 
of the Animal Welfare Committee at UTHealth. All experiment designs were reviewed 
and approved by the institutional review committee. The detail of the protocol for 
bleomycin administration is written in the section below. 
CC10-tTS-rtTA-TGF-β1 transgenic mice with C57BL/6 background were bred and 
housed in the animal facility at Brown University. As described previously, 6-8-week-old 
mice and control littermates were randomized to either regular water or doxycycline water 
(0.5mg/mL)  (202). The transgenic and control mice were sacrificed and harvested for 
fibroblast isolation and histology as described below. 
All mouse models used in this thesis were in C57/BL6 background. Col1a1-creER-
NUDT21fl/fl mice were generated by crossing NUDT21fl/fl mice with Col1a1-cre/ERT2 
mice (stock no. 016241, The Jackson Laboratory).  Similarly, Foxd1-cre-NUDT21fl/+ mice 
were generated by crossing NUDT21fl/+ mice with Foxd1tm1(GFP/Cre)Amc (or 
FoxD1GC) mice (stock no. 012463, The Jackson Laboratory). For controls, sex- and 
age-matched littermates with Cre were used. In order to confirm the deletion of target 
genes and expression of Cre, genotyping was performed in addition to other technical 
assays, such as Western Blot, RT-qPCR, and immunohistochemistry. NUDT21 was 
deleted by activating cre in Col1a1-creER-NUDT21fl/fl mice via i.p. injection tamoxifen at 
75 mg/kg once every 24 hours for a total of 5 consecutive days (Sigma Aldrich). The 
successful deletion of NUDT21 was confirmed by the western blot analysis and 




Transforming Growth Factor b1 Mouse Model 
 This transgenic mouse was first generated by the research group of Dr. Jack Elias 
(202). In this mouse, tTS, which represses transcription of transgenic TGFb1, is 
constitutively expressed and thereby expression of TGFb1 is tightly controlled. For a 
conditional expression in the lung, rtTA expression is driven by CC10 promoter, which is 
specific to club cells. Upon administration of doxycycline, the repression effect of tTS is 
reduced and rtTA binds to the tet Operator to promote expression of TGFb1 (Figure 1). 
The administer of doxycycline was maintained for 2 weeks to induce pulmonary fibrosis 
followed by sacrifice. 
 
Figure 2.1. Regulation of TGFb1 Expression by Doxycycline (adopted and modified 
from the original figure (203)) 
 
Bleomycin Mouse Model 
For a chronic fibrosis model, 0.035 U/g of bleomycin was administered into male 
mice intraperitoneally (i.p.) twice a week for 4 weeks, for a total of 8 injections (Teva 








as IPF is more prevalent in males than females (204). Additionally, male mice in the 
C57B/6 background has a more robust response to bleomycin-induced injury than 
female mice (205). Therefore, for the initial experiments where the i.p bleomycin 
treatment was used to induce fibrosis, male mice were used as an animal model to 
recapitulate the male-dominant features of fibrosis in male patients. As written below, an 
oropharyngeal aspiration of bleomycin, which is a different type of fibrosis models, 
utilized both female and male mice which provide additional information on sex 
differences in fibrosis. For a longitudinal analysis, lungs and bronchoalveolar lavage 
(BAL) fluid were harvested on day 7, 28, and 33 after the initial bleomycin injection. 
 
Figure 2.2. Chronic Intraperitoneal Fibrosis Model 
 
For oropharyngeal aspiration (o.p.a) of bleomycin, female mice were given 
isoflurane and subsequently administrated 2.5 μ/kg bleomycin (o.p.a.) (206). Mouse 
lungs were harvested 21 days after the injection of bleomycin as shown in Figure 3. 
 
Figure 2.3. Oropharyngeal Aspiration Fibrosis Model 
 
For delayed Cre activation, mice were given bleomycin either i.p. or o.p.a. as 
described above (0.035 U/g twice a week for 4 weeks or 2.5 U/kg once). Following the 
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bleomycin injection, the mice were administered i.p. tamoxifen to activate cre once a day 
for 5 days as shown in Figure 4 (75 mg/kg tamoxifen). Lung samples and BAL fluid were 




Figure 2.4. Delayed Cre Model 
 
Lung Function Assay 
FlexiVent FX System with FX1 module was used to analyze parameters of lung 
function in vivo (SCIREQ Inc.). Throughout the measurement, basal ventilation was 
maintained at a tidal volume of 10 ml/kg, frequency of 150 breaths per minute, and a 
positive end expiratory pressure (PEEP) of 3 cmH2O. For this measurement, the mice 
which were on day 33 (i.p.) or day 25 (o.p.a.) of bleomycin treatment were administered 
5% Avertin i.p. (0.012 ml/g BW). Following the anesthesia, tracheostomy was performed 
and a cannula was inserted for actual measurements (18-gauge metal cannula and 
resistance of 0.2–0.3 cmH2O∙s/ml) 
After insertion of the cannula, the mice were under the basal ventilation for at least 
1 minute to stabilize the lung. Then, the quality of the experimental apparatus was tested 
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by inflating the lung to 30 cmH2O over 6 seconds and returning to normal ventilation for 
1 minute. The following parameters were measured using FlexiVent: respiratory system 
resistance (Rrs), dynamic compliance (Crs), elastance (Ers), Newtonian airway 
resistance (Rn), tissue damping (G), and tissue elastance (H) in addition to generating a 
pressure-volume (PV) curve using a ramp-style pressure-driven (PVr-P) maneuver to a 
maximum of 30 cmH20 to calculate static compliance (Cst) (203). 
 
Inflammation and Cellular Differential Assay  
Mouse lungs were lavaged 3 times with PBS to harvest BAL fluid. A portion of the 
BAL fluid which contains lung cells was used for BAL cell count assay. Another portion 
of the BAL fluid was centrifuged onto microscope slides so that the lung cells were 
attached to the glass. The slides were used for cell differential assay using Diff-Quik 
(Dade Behring, B4132-1A). After the BAL fluid was collected, the lungs were harvested 
for subsequent Western Blot or RT-qPCR analysis by freezing the samples in liquid 
nitrogen. For histochemistry analysis, following BAL fluid, the lungs were inflated at a 
constant pressure, fixed in 10% formalin and embedded in paraffin. 
 
Masson's Trichrome Staining and Ashcroft Assay 
 Human lung sections were deparaffinized and rehydrated through alcohol 
gradient from 100% to 30%. Then, the slides were hydrated in distilled water. The tissue 
sections were incubated with Bouin’s solution at 56 C for 15 minutes, followed by cooling 
at room temperature for 15 minutes. The yellow dye was washed by dipping the slides 
in distilled water three times briefly. Weigert’s mix was added and the slides were 
incubated for 5 minutes. After rinsed in running tap water, the slides were incubated with 
Acid Fuschin for 2 minutes. After rinsed in distilled water, the mixture of PTA/PMA was 
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added for incubation for 5 minutes. Then, the slides were further incubated with Aniline 
Blue for 15 minutes. 1% of acetic acid was used to rinse off the blue dye in the slide. 
After rinsed in distilled water, the slides were dehydrated through alcohol gradient from 
30% to 100%, then histoclear. After cytoseal, the slides were used for assessment. 
 After Masson’s Trichrome Staining, the slides were randomly and blindly assigned 
to two different individuals to score the severity of fibrosis. This assay was performed for 
at least 40 randomly chosen areas for each lung and sample (207, 208). 
 
Immunohistochemistry and Fluorescent Staining 
 Immunohistochemistry was performed on 5 µm sections of formalin-fixed paraffin-
embedded lungs. First, the section was rehydrated through a gradient of histoclear-
alcohol from 100% to 30%. Then, antigen retrieval was performed using Tris-based 
Antigen Unmasking Solution (Vector Laboratories) followed by quenching endogenous 
signals of peroxidase and alkaline phosphatase using Bloxall (Vector Laboratories). 0.1% 
of Triton X was used to permeabilize membranes of the section and 2.5% horse serum 
was used to prevent unspecific signals. Then, the tissue section was incubated with 
primary antibodies overnight. After incubation, the section was incubated with 
ImmPRESS-ABC reagent, which contains peroxidase for 30 minutes (Vector 
Laboratories). Then, the sample was incubated with DAB to develop (Vector 
Laboratories). 
 For dual staining with fluorescence, the developed section was incubated with 
Bloxall to quench the peroxidase activity. After quenching, the sample was further 
blocked with 2.5% normal horse serum, followed by incubation with anti-αSMA 
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conjugated with fluoro (Sigma-aldrich). After the incubation with anti-αSMA, the slide was 
mounted with anti-fading DAPI (Abcam).  
For dual staining with Vector Red, the developed section which contained HRP 
was incubated with Bloxall to terminate the peroxidase reaction. The tissue section was 
re-incubated with 2.5% normal horse serum, followed by incubation with anti-αSMA 
(Sigma-aldrich). After the incubation, Vector Red was used to recognize the primary 
antibody and tag the alkaline phosphatase (Vector Laboratories). The section was 
developed with the reagents for red color (Vector Laboratories), followed by mounting 
with anti-fading DAPI (Abcam). 
For dual immunofluorescence staining for NUDT21 and α-SMA, lung sections 
were prepared as previously described for deparaffinization and dehydration. The lung 
sections were then incubated with anti-NUDT21 antibodies overnight followed by 
ImmPress and Vector Red. The sections were incubated with anti-αSMA conjugated with 
fluoro (Sigma-aldrich). After the incubation with anti-αSMA, the slide was mounted with 
anti-fading DAPI (Abcam).  
 
Isolation of Primary Lung Fibroblasts and Cell Culture 
 Primary human lung fibroblasts were isolated as described below. First, the lowest 
lobes of normal or IPF lungs were harvested. The lobes were washed with sterile PBS 
and the tissues were cut into ~1 mm3 fragments by McIlwain Tissue Chopper. The 
fragments were cultured without media for two hours in a CO# incubator to attach the 
cells on the dish. Then, the cells were further cultured in complete culture media (Eagle's 
Minimum Essential Medium, EMEM, with 10% of FBS) for two weeks. This method allows 
only fibroblasts to migrate out of the tissues and survive in the media. The cells were 
used until passage 6. Primary mouse lung fibroblasts were isolated through the same 
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procedure with several modifications; 1) mouse lungs were perfused with PBS prior to 
the chopping 2) Dulbecco's Modified Eagle Medium, DMEM, with 10% of FBS was used 
as complete media and 3) the mouse cells were used until passage 3. CCD8Lu, a 
primary human lung fibroblast, was purchased from the American Type Culture 
Collection (ATCC). 
 For siRNA transfection, cells were incubated with antibiotic-free media. miRNA 
mimic or siRNA were transfected into the cells using Lipofectamine-based RNAiMAX on 
day 0 and 1 (miRNA mimic or siRNA from Sigma-aldrich and RNAiMAX from Thermo 
Fisher Scientific). Then, the cells were harvested for Western Blot or RT-qPCR on day 
4. 
 
In vitro Inhibition of Smad3 Phosphorylation 
 An inhibitor of Smad3, SIS3, was purchased from Torcris. This inhibitor was 
developed as the first specific inhibitor of Smad3 phosphorylation, thereby inhibiting 
expression of matrix proteins in fibroblasts (209). Primary lung fibroblasts were 
pretreated with 5 µM of SIS3 for one hour and then treated with TGFb1 in the absence 
or presence of the inhibitor. 
 
Overexpression of NUDT21 via Electroporation 
 For NUDT21 overexpression, the coding region (CDS) of human NUDT21 was 
inserted into pcDNA3.1 vectors (Thermo Fisher Scientific) via Gibson Cloning. 6 µg of 
control or NUDT21 plasmids were transfected into 5X106 healthy or IPF fibroblasts 
through electroporation (Biorad Gene Pulser, 500uF, 120V, 2mm cuvette, exponential). 
Following the electroporation, the cells were cultured for up to 3 days. 
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3’UTR Reporter Assays 
 For the dual luciferase where the binding sites of miR203 were examined, 
psiCHECK-2 vector was purchased from Promega. 3’UTR of human NUDT21 was added 
into the CDS of Renilla (hRluc) in the psiCHECK-2 to generate a 3’UTR wildtype reporter. 
To generate a mutant which is resistant to miR203-mediated degradation, three sites of 
miR203 were deleted by primer-directed mutagenesis via Gibson Assembly (New 
England Biolabs, Ipswich, MA, USA). The deletion of the miR203 binding sites was 
confirm by Sanger Sequencing (Genewiz, Plainfield, NJ, USA). Primary human lung 
fibroblasts were electroporated at 500uF, 120V, 2mm, and exponential settings with the 
control, WT, and mutant plasmids (Biorad Gene Pulser System). The transfected cells 
were cultured without anti-biotics for 2 days and then were treated with TGFb1 to induce 
miR203 expression. The measurement of dual-luciferase was performed following the 
manufacture’s protocol (GenDEPOT).  
For the dual luciferase where miR203, 23a, 27b were tested, the plasmids which 
contains human NUDT21 3’UTR were transfected into HEK293T and NIH3T3 in the 
presence of miR203, 23a, and 27b mimics or control (Sigma-aldrich). The measurement 
of dual-luciferase was performed following the manufacture’s protocol (GenDEPOT). 
For GFP 3’UTR reporter, pCMV3-GFPSpark plasmid was utilized (Sino Biological, 
Beijing, China). Similar to the cloning of dual-luciferase, 3’UTR of human NUDT21 was 
added into the CDS of GFPSpark, and the 3’UTR mutant was generated. Following 
electroporation with the plasmids, primary human lung fibroblasts were cultured on a 
glass coverslip. The electroporated cells were treated with TGFb1 for 4 days. On day 4, 
the cells were fixed with formaldehyde and 70% acetone. Then, the stress fibers of the 
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cells (F-actin) were stained with Alexa Fluor™ Phalloidin for 30 min at room temperature 




mRNA Degradation Assay 
 Primary lung fibroblasts were pre-treated with SIS3 for 30 min to reduce 
phosphorylation on Smad3. Then, the cells were further treated with TGFb1 for 9 hours 
in the presence or absence of SIS3. After 9 hours of culture, the cells were incubated 
with actinomycin D at 10ug/mL for up to 36 hours. The RNA samples were harvested for 
RT-qPCR analysis at 0, 12, 24, and 36 hours. The RNAs were used for cDNA synthesis 
followed by RT-qPCR to quantify the gene expression of NUDT21, b-actin, c-FOS, IL-6, 
and 18S. The relative levels of the genes were compared to 18S since 18S was the most 
stable transcript among the tested genes. 
 
Stimulation of Fibroblasts by Cytokines 
 Primary human lung fibroblasts were cultured with the following pro-fibrotic 
cytokines: transforming growth factor beta 1 (TGFb1, purchased from GenDEPOT), 
insulin-like growth factor 1 (IGF1, purchased from GenDEPOT), connective tissue growth 
factor (CTGF, purchased from GenDEPOT), platelet-derived growth factor BB (PDGF 
BB, purchased from GenDEPOT), and interleukin 4 (IL-4, purchased from PeproTech), 
6 (IL-6, purchased from PeproTech), and 13 (IL-13, purchased from PeproTech) (210–
212). After 7 days of treatment, the cells were harvested for RNA and protein analyses. 
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Western Blot Analysis 
 RIPA buffers with protease inhibitors were used to lyse cells and the cell lysates 
were centrifuged at 12,000 RCF for 5 minutes (Boston Bioproducts for RIPA and Thermo 
Scientific for the protease inhibitors). The supernatant was used for BCA protein assay. 
15ug of boiled protein was added into a well of a precast 4-20% gel (Biorad) and was 
stably run at 100V. After SDS-PAGE, the samples were transferred at 80V for 1 hour and 
45 minutes. Then, the membrane was blocked with 5% lab-grade milk for 30 minutes, 
followed by incubation with an antibody overnight. After the incubation overnight, the 
membranes were washed with TBST solution for 10 minutes 3 times followed by 
development with ECL (GenDEPOT). The following antibodies were used for 
experiments in this thesis (Table 2.2). 
Target Origin Dilution Company 
NUDT21 Rabbit WB (1:1000) IHC/IF (1:200)  Proteintech 
CFIm59 Rabbit WB (1:1000) Proteintech 
CFIm68 Rabbit WB (1:1000) Proteintech 
b-actin Mouse WB (1:10000) Sigma-Aldrich 
GAPDH Mouse WB (1:10000) Life Technology 
Vinculin Mouse WB (1:10000) Cell Signaling Technology 
Collagen 1 Rabbit WB (1:1000) Abcam 
Fibronectin Rabbit WB (1:5000) Sigma-Aldrich 
a-smooth-muscle-cell-actin Mouse WB (1:5000) IHC/IF (1:1000) Sigma-Aldrich 
GFP Mouse WB (1:1000) GenDEPOT 
Smad3 Rabbit WB (1:1000) Cell Signaling Technology 
P-Smad3 (S423/425) Rabbit WB (1:1000) Cell Signaling Technology 
UCP5 Rabbit WB (1:1000) NOVUS 
RICTOR Rabbit WB (1:1000) NOVUS 
FGF14 Rabbit WB (1:1000) Abcam 
TMOD2 Rabbit WB (1:1000) Proteintech 
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TGFBR1 Rabbit WB (1:1000) Sigma-Aldrich 
WNT5A Rabbit WB (1:1000) Thermo Fisher Scientific 
FZD2 Rabbit WB (1:1000) Thermo Fisher Scientific 
Cre Rabbit WB (1:1000) IHC/IF (1:200) Cell Signaling Technology 
Anti-rabbit (HRP) N/A WB (1:8000) Cell Signaling Technology 
Anti-mouse (HRP) N/A WB (1:8000) Cell Signaling Technology 
Table 2.2. Information on Antibodies 
 
Analysis of Fibroblast RNA 
 Cultured cells were lysed by TRIzol (Thermo Fisher Scientific). 200uL of 
chloroform was added to every 1mL of TRIzol to make two phases. After 10 seconds of 
vortexing, the mixture was centrifuged at 12,000 RCF and 4 C for 15 min for separation 
of phase. The top layer was transferred to a clean tube, and 200 proof alcohol was added 
to make 70% of alcohol solution (about 2.2 times of the volume of the top layer). After 
inverting three times, the solution was transferred to a column of RNeasy mini kit 
(Qiagen). RNAs were isolated and were purified following the manufacturer’s protocol. 
The purity of RNA was measured by Tecan Infinite Plate Reader. 1ug of RNA was used 
for cDNA synthesis using random hexamers and oligo dT primers (Quantabio). For cDNA 
of miRNAs, miRNA cDNA Synthesis Kit from Qiagen was used. For realtime-qPCR, 
SYBR green from Biorad was used to detect differential gene expressions in cDNA. All 
primers were from Sigma except the following items; RNU-6, miR203 and pre-miR203 
were from Qiagen (pre-designed primers). The sequences of the primers are shown in 
Table 2.3. 
Gene Forward primer Reverse Primer 
Homo_NUDT21 TGAAGTTGAAGGACTAAAACGCT ACCAGTTACCAATGCAATCGTC 
Homo_NUDT21_distal GGCCAGTTCAGGTGTATTTTG TTTCCCTCAACAGAACAGCA 
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Homo_COL1A1 GTGCGATGACGTGATCTGTGA CGGTGGTTTCTTGGTCGGT 
Homo_COL1A1_distal GTGAGGGAGACAGACACCTG GTGTTCTGGGGATTCAGGAG 
Homo_FN1 CCGTGGGCAACTCTGT TGCGGCAGTTGTCACAG 
Homo_FN1_distal TTGCTAGTTTACCGTTCAGAAGT TTCAATGAAGGAAAGGTGGA 
Homo_FGF14 TGCCCCTCTTCAGGAGAACT ATCCAGCAGCTTAGACACCC 
Homo_FGF14_distal GTGGGATCAATGTACTGGCCT TGGGGAAAATGATGACTGGGT 
Homo_Rictor CCGCTCTCTGAAGAACCTCC AGGTTCTCGGGTCAGATCCA 
Homo_Rictor_distal CCCCAAATGGTTTTGCTCACC AGGAGGCTTTTAATGCCCTTGA 
Homo_TMOD2 ATTGACAACCAGAGGCAGCA TGGCCCTTGCTTGGTAAACT 
Homo_TMOD2_distal TATTCAGGACCCCAGTTGGC GCATTAGGTCTGGCTGGCTA 
Homo_UCP5 TTGTCAGGAATGATGGGCGA TTCGAACCACATCAACCGGG 
Homo_UCP5_distal TGGGCTAGAGCAGAAGGCAT ACTTTAATGAGAACCGAGGTCTG 
Homo_FZD2 GTGCCATCCTATCTCAGCTACA CTGCATGTCTACCAAGTACGTG 
Homo_FZD2_distal CTTTGCTGGTGTGAGAACTCC ATGGAAGATGGCGAAAACTGAG 
Homo_TGFBR1 ACGGCGTTACAGTGTTTCTG GCACATACAAACGGCCTATCTC 
Homo_TGFBR1_distal TTTGTGCAGGATTCTTTAGGCTT GGCTTCTCAGTATCATTCGACTT 
Homo_VMA21 GATAAGGCGGCGCTGAACGCACTGC TGAGCCTTCATTCCAGGCCACATACACA 
Homo_VMA21_distal CATCTGCACAGCACCTTACAGTTTGC GAAATGCAGCACATCCAAATCCTCCC 
Homo_WNT5A ATTCTTGGTGGTCGCTAGGTA CGCCTTCTCCGATGTACTGC 
Homo_WNT5A_dstal GGTGAAAGAGAGATGCCGTG GTGTAAAGTTTGTGTGAACAGGG 
Homo_IL-6 CCAGCTATGAACTCCTTCTC GCTTGTTCCTCACATCTCTC 
Homo_cFOS TAGTTAGTAGCATGTTGAGCCAGG ACCACCTCAACAATGCATGA 
Homo_beta ACTIN CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 
Mus_NUDT21 GCGCATGAGGGAGGAATTTGA TCCCCACCAGGTAATTTGAAGAA 
Mus_COL1A1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 
Mus_COL1A1_distal GGCAATGCTGAAATGTCCCA ACAGTCCAAGAACCCCATGT 
Mus_COL1A2 AAGGGTGCTACTGGACTCCC TTGTTACCGGATTCTCCTTTGG 
Mus_COL2A1 GGGAATGTCCTCTGCGATGAC GAAGGGGATCTCGGGGTTG 
Mus_FZD2 CTTCACGGTCACCACCTATTTAG CGCAATGTAGGCCACTGACA 
Mus_FZD2_distal TAGTGTGAGAATCCCAGTTTCCA CTGGTCTTCAGATCGCTTCTTT 
Mus_WNT5A CAACTGGCAGGACTTTCTCAA CATCTCCGATGCCGGAACT 
Mus_WNT5A_distal TGGTCACAGGATTGCTCACAT GAGAGGGTGAGCCTTTTTGATT 
Mus_TGFBR1 TCTGCATTGCACTTATGCTGA AAAGGGCGATCTAGTGATGGA 
Mus_TGFBR1_distal TACGTCAGAAACACCATGGGA ACAAAGGCCCCAAAAGTACC 
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Mus_FN1 GCTCAGCAAATCGTGCAGC CTAGGTAGGTCCGTTCCCACT 
Mus_beta ACTIN GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 
Mus_Homo_18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
Table 2.3. Information on Primers used for RT-qPCR 
 
RNA Sequencing and PDUI Analysis 
 RNA sequencing was performed for the two sets of samples: 1) primary human 
normal and IPF fibroblasts and 2) CCD8-Lu that were treated with TGFb1 and their 
control cells. RNAs were isolated as described above and were sent for RNA-seq by 
HiSeq 2000 (Novogene, China). Pair-end RNA-seq was performed to yield at least 80 
million reads per sample. RNA-Seq gene expressions were quantified by RSEM in 
combination with a de novo transcriptome assembler. Briefly, the significance of the 
difference of mean PDUIs between the expression levels of short and long 3’UTRs in 
two samples in each condition were first computed using Fisher's exact test, and further 
adjusted using Benjamini-Hochberg (BH) procedure to control false discovery rate (FDR) 
at 5% level. Genes with the absolute difference of mean PDUIs no less than 0.15 and 
the absolute log2-ratio (fold-change) of mean PDUIs no less than 1 were identified to 
have significant shifted 3’ UTR events. 
 
miRNA Analysis 
 The miRNAs which lost their binding sites on 3’UTR due to APA were predicted 
using TargetScan (213). For this analysis, mRNAs which had 3’UTR shortening were 
filtered out, followed by identification of the shortened sequences. The miRNAs which 
interact with the shortened sequences were predicted. For cutoff values, 0.15 and 0.05 
were chosen for PDUI and FDR respectively for the 808 shortened genes. 
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Analysis of Alternative Polyadenylation by RT-qPCR 
 As previously described (190, 201), two sets of primers were generated to detect 
PAS usage; one set, binding to an exon of a transcript to detect all transcripts and the 
other targeting to a distal 3’UTR, which is an upstream of distal PAS, to detect transcripts 
with long 3’UTR (Figure 5). Percentage of PAS usage was calculated as 
ΔCT=CTdistal − CTtotal. Data were presented as log-fold changes normalized to controls 
by calculating ΔΔCT=ΔCTaverage target  − ΔCTaverage of control. 
 
Figure 2.5. RT-qPCR-based Polyadenylation Site Usage Analysis 
 
Statistical Analysis  
 All of the statistical analyses were done with the Graphpad Prism 6. For all 
statistical analyses listed below, the data values were tested for normalization prior to 
the t-test or ANOVA. For two groups, student’s t-test (parametric) was performed with 
two-tailed settings. For multiple groups, one-way ANOVA (parametric) was used with 
Tukey’s multiple comparison test.  p values that are equal or less than 0.05 were 
considered statistically significant. The detail of the statistics regarding p values is written 
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APA in Fibroblasts and IPF 
 Idiopathic pulmonary fibrosis (IPF) is a fatal chronic lung disease which affects 
about 5 million people worldwide (214). This disease is the most severe type of interstitial 
lung diseases with 25% of a 5-year survival rate (38). Despite the high prevalence and 
poor prognosis in the patients, little is known about the mechanisms by which IPF is 
developed and progressed in the patients. Therefore, there is an urgent medical need to 
better understand the pathogenesis of IPF which may lead to scientific breakthroughs 
and innovative therapies for the disease. 
 Recent studies suggest that repeated injuries in alveolar epithelial cells is a critical 
initial step in the pathogenesis of pulmonary fibrosis (102). The chronic epithelial injuries 
lead to elevation of pro-fibrotic cytokines and recruitment of inflammatory immune cells 
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which further promotes the generation of pro-fibrotic mediators, such as TGFβ, 
connective tissue growth factor (CTGF), sonic hedgehog signaling molecule (Shh), and 
prostaglandin E2 (PGE2) (215). The increase in pro-fibrotic growth factors and cytokines 
activates progenitors of fibroblasts and differentiates the cells into myofibroblasts which 
actively produce extracellular matrix (ECM) proteins in addition to other pro-fibrotic 
cytokines acting as a positive feedback (216, 217). Additionally, IPF ECM proteins itself 
constitutes a pro-fibrotic microenvironment which amplifies the progression of fibrosis via 
ECM-receptor mediated signaling pathways (216).  Considering that IPF patients are 
diagnosed with the disease in their late stage of the disease where fibrosis is already 
established due to the lack of early diagnosis, it is critical to halt the progression of the 
disease by antagonizing the activation of fibroblasts and overexpression of pro-fibrotic 
mediators and ECM from the cells.  Alternative polyadenylation (APA) is a post-
transcriptional modification that regulates the length of 3’UTRs (218). This process is 
implicated in the progression of cancer cells as APA can lead to overexpression of APA 
target genes by shortening 3’UTR and, therefore, stabilizing the transcripts (218). 3’UTR 
shortening via APA promotes overexpression of the genes contributing to cell 
proliferation and tumor growth (190). IPF and cancer share a series of signaling 
pathways which promote the generation of pathological mediators and cell proliferation 
(200). Although APA is an important cellular mechanism for tumor growth and 
progression, the involvement of this pathway in fibroblasts and its contribution to IPF 
were completely unknow. Therefore, in this chapter, we investigated the association and 






 Our lab and collaborators previously demonstrated that NUDT21, which is also 
known as CFIm25, is a repressor of proximal polyadenylation. In glioblastoma, NUDT21 
is significantly reduced, leading to global 3’UTR shortening via APA (190, 219). This 
NUDT21 reduction was associated with increased protein expression for APA target 
genes, such CyclinD1. NUDT21 knockdown causes increased cell proliferation in Hela 
cells and promotes tumor growth in glioblastoma. These results collectively suggest that 
3’UTR shortening and APA by NUDT21 reduction contributes to tumor progression by 
increasing the protein expression of APA target genes. We hypothesized that APA by 
NUDT21 contributes to the pathogenesis of pulmonary fibrosis, which is characterized 
by activation of fibroblasts and overexpression of pro-fibrotic mediators from the cells. In 
order to examine this hypothesis, a number of explant samples from IPF patients or 
donors with no evidence of ILD were utilized to measure the levels of NUDT21. 
Furthermore, conditional knockout mice lacking NUDT21 in fibroblasts were exposed to 




NUDT21 is reduced in the IPF fibroblasts and the fibroblasts isolated from 
bleomycin-treated mice. 
We recently demonstrated that NUDT21 is a key regulator of APA and 3’UTR 
shortening in HeLa cells (190). In order to demonstrate the association of NUDT21 
depletion in IPF, we examined the expression of NUDT21 in IPF or healthy lungs. 
NUDT21 was significantly depleted in the IPF lungs as compared to the healthy donor 
lungs (Figure 3.1 A). To reveal the correlation between the depletion of CFIm 
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components and the severity of fibrosis, IPF lungs with various levels of FN1 were 
selected for western blot analysis. CFIm components (NUDT21, CFIm59, and CFIm68) 
were negatively correlated with FN1 expressions (Figure 3.1 B), suggesting that the 
expression of CFIm complex is reduced in the lungs of the patients with pulmonary 
fibrosis. Immunohistochemistry (IHC) for NUDT21 showed that NUDT21 was expressed 
in the nuclei of various cell types in the healthy lungs. However, in the IPF lungs, NUDT21 
was significantly depleted in the fibroblastic foci which were positive for alpha smooth 
muscle cell actin (αSMA) (Figure 3.1 C). Furthermore, for quantitative analysis, 
fibroblasts were isolated from IPF and healthy lungs and were utilized for western blot 
analysis. The result demonstrated that NUDT21, CFIm59, and CFIm68 were depleted in 
the IPF fibroblasts (Figure 3.1 D).  
 The regulatory elements of APA are evolutionarily conserved across various 
eukaryotic species (170). To understand whether a key regulator of APA, NUDT21, is 
also implicated in an animal model of lung fibrosis, we induced pulmonary fibrosis using 
bleomycin in mice and used the diseased lungs for western blot analysis. The protein 
components of CFIm, NUDT21, CFIm59 and CFIm68, were depleted in the lungs from 
the bleomycin mice that were exposed to bleomycin for 33 days (Figure 3.1 E). 
Immunofluorescence (IF) and IHC revealed that NUDT21 is reduced in the αSMA 
positive cells in the fibrotic lungs (Figure 3.1 F). Furthermore, primary lung fibroblasts 
isolated from PBS or bleomycin-treated mice showed that all three components were 
depleted in the fibrotic lungs (Figure 3.1 G). Collectively, these data suggest that 
NUDT21, a key component of CFIm25, is depleted in the lungs of IPF patients and the 













Figure 3.1. NUDT21 is depleted in the Lungs from IPF Patients or the Mice with 
Bleomycin-induced Fibrosis. Explanted IPF or transplant-grade normal lungs were 
used for western blot analysis. Each lane represents individual patient samples (Panel 
A and B). Immunohistochemistry (IHC) was performed on paraffin-embedded lung 
sections from normal or IPF (Panel C). Primary lung fibroblasts originated from IPF or 
healthy control were used for western blot analysis to semi-quantify CFIm25, CFIm59, 
and CFIm68 (Panel D). C57BL/6 mice were exposed to bleomycin intraperitoneally(i.p.) 
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for 33 days twice a week. The fibrotic lungs were used for western blot analysis (Panel 
E) or immunofluorescent/IHC analysis (Panel F). Primary lung fibroblasts were isolated 
from the mice exposed to bleomycin or PBS on Day 33 and were used for western blot 
analysis (Panel G). Scale bars: 100 μm. Used with permission from Ning-Yuan Chen and 
Tingting Weng Mills who performed experiments and assembled data, respectively. 
Junsuk Ko contributed to the data shown in this figure by repeating the experiments in 




















NUDT21 depletion induces overexpression of fibrotic markers in normal lung 
fibroblasts 
NUDT21 is a repressive regulator of proximal APA, and the depletion of NUDT21 
causes global 3’UTR shortening in various types of cancer cells (190). Based on the 
cancer data, we hypothesized that the reduction of NUDT21 promotes 3’UTR shortening 
in human lung fibroblasts leading to overexpression of fibrotic markers. In order to test 
this hypothesis, NUDT21 was depleted by siRNA. The reduction in NUDT21 increased 
the expression of fibrotic markers, such as Collagen 1 (Col1) and FN1 (Figure 3.2 A). 
Interestingly, NUDT21 knockdown did not alter proliferation of the fibroblasts (Figure 3.2 
B) which is different from the data of glioblastoma (201). We further tested our hypothesis 
by measuring the 3’UTR shortening of the target genes via RT-qPCR. For the 3’UTR 
assay, two pairs of primers were used with one set targeting the coding region of the 
transcript to measure total transcripts and the other set targeting distal region of the 
3’UTR to measure long 3’UTRs (Figure 3.2 C). The 3’UTR assay revealed that mRNA 
levels of COL1A1 were increased and the transcript underwent 3’UTR shortening 
following the depletion of NUDT21 (Figure 3.2 C). However, the transcript levels and 
PAS usage of FN1 were not affected by the reduction of NUDT21, suggesting that FN1 
protein expression was increased via an indirect pathway. These data collectively 
suggest that NUDT21 depletion is sufficient to promote overexpression of fibrotic 








Figure 3.2. NUDT21 Depletion by siRNA increases Markers of Fibrosis in Normal 
Human Lung Fibroblasts. Primary human lung fibroblasts were transfected with 
siRNAs targeting CFIm25. The cells were harvested for western blot analysis (Panel A) 
or used for WST-1 cell proliferation assay (Panel B) or RT-qPCR-based PAS analysis 
(Panel C). Used with permission from Ning-Yuan Chen and Tingting Weng Mills who 
performed experiments and assembled data, respectively. Junsuk Ko contributed to the 















































TGFb1 and Wnt signaling pathways are APA targets of NUDT21 
To comprehensively identify the targets of NUDT21 in human lung fibroblasts, 
RNA-seq was performed at 300 million reads in the human lung fibroblasts which were 
knocked down for NUDT21 or control. The RNA-seq data were further utilized for 
Dynamic Analysis of Alternative Polyadenylation from RNA-Seq (DaPars) which 
identifies 3’UTR signatures for each transcript (190, 201). DaPars revealed 808 
transcripts, which underwent significant 3’UTR shortening via APA (Figure 3.3 A and 
Table 3.1). This result is consistent with the previous report that NUDT21 reduction via 
siRNA promotes the use of pPAS in cancer cells (190). DAVID pathway analysis 
revealed that the APA genes were involved in various pro-fibrotic pathways, such as 
TGFb1, Wnt, and Hypoxia Inducible Factor 1 Alpha (HIF1A) (Figure 3.3 B). In order to 
validate the 3’UTR in transcriptome, vacuolar ATPase assembly factor (VMA21) was 
chosen due to the presence of multiple polyA signals and its sensitivity to APA as 
previously reported (190). The visualized read values of VMA21 3’UTR displayed 
significant shortening in response to NUDT21 depletion (Figure 3.3 C). Furthermore, 
RT-qPCR-based 3’UTR assay was performed to measure 3’UTR shortening of VMA21. 
Consistently, VMA21 had significant 3’UTR shortening after NUDT21 reduction (Figure 
3.3 D). 3’UTR shortening via APA causes increased protein expression due to the loss 
of miRNA binding sites and ARE in distal 3’UTRs (220). Therefore, we examined the 
protein expression of VMA21 via Western Blot and found that VMA21 was increased 
following NUDT21 depletion (Figure 3.3 E). The result of the global 3’UTR shortening 
led us to another hypothesis that the global APA releases miRNAs from the distal 3’UTR 
via shortening of transcripts and the released miRNAs target other mRNAs for gene 
regulation. To test this hypothesis, the miRNAs that lose their binding sites due to 3’UTR 
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shortening were identified. 209 miRNAs were found and the top 20 miRNAs were 
reported (Table 3.2). 10 of the 20 miRNAs were involved in fibrosis and cellular 
processes of fibroblasts, such as proliferation and differentiation. These data suggest 
that NUDT21 depletion promotes fibrosis via not only stabilization of profibrotic 
transcripts, but also deregulated gene regulation by released miRNAs. To further validate 
the biological relevancy of our finding, we compared our APA genes to IPF gene 
signatures (221) and the APA target genes of the glioblastoma cells (190) (Figure 3.3 
F). Among 808 APA genes, 159 genes were identified in the IPF gene signature, 
suggesting that many IPF genes may be indirectly regulated by APA (Figure 3.3 F). The 
comparison of APA genes between lung fibroblasts and glioblastoma revealed that there 
were 458 common APA genes which contain genes in cancer and Wnt pathways (Figure 
3.3 F). In summary, these data suggest that NUDT21 is a repressor of proximal APA and 
the dysregulation of NUDT21 leads to 3’UTR shortening and increased protein 
expression in human lung fibroblasts. 
The RNA-seq data and DaPars analysis revealed that a number of APA genes 
are involved in pro-fibrotic signaling pathways (Figure 3.3 G and H). To confirm the 
3’UTR shortening and the mRNA levels of these genes, Western Blot and RT-qPCR 
were performed. COL1A1, transforming growth factor beta receptor 1 (TGFBR1), Wnt 
family member 5A (WNT5A), and fizzled class receptor 2 (FZD2) had significant 3’UTR 
shortening (Figure 3.3 I and J) and their protein expression was increased (Figure 3.3 
K). These data demonstrate that 3’UTR shortening of these pro-fibrotic genes by 
NUDT21 depletion are sufficient to promote protein expression. In order to validate the 
clinical relevancy of this cellular process, we examined PAS usage in IPF fibroblasts. IPF 
fibroblasts utilized pPAS for polyadenylation of TGFBR1, WNT5A, and FZD2 as 
compared to normal fibroblasts (Figure 3.3 L). Moreover, the protein expression of the 
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three genes was higher in IPF fibroblasts (Figure 3.3 M) despite the fact that there was 
no difference in transcriptional levels of the three genes in normal and IPF fibroblasts 
(Figure 3.3 N). In addition, there was an evident negative correlation in protein 
expression between CFIm25 and the three APA target genes. These results suggest that 
the NUDT21 depletion activates profibrotic pathways and promotes expression of these 







































Figure 3.3. TGFb1 and Wnt signaling pathways are APA Targets of NUDT21. 
Primary human lung fibroblasts were transfected with siRNA targeting CFIm25 and were 
harvested for RNA purification followed by RNA-seq (Panel A). The RNA-seq data were 
utilized for pathway analyses (Panel B, G, and H), 3’UTR plot (Panel C and J), and 
comparison with the published IPF gene signature and APA data from HELA cells (Panel 
F, DEG = differentially expressed gene). RNAs from the CFIm25 knockdown cells were 







was used for Western Blot analysis (Panel E and K). Protein lysate and RNAs from 
primary IPF or healthy fibroblasts were used for Western Blot analysis (Panel M and O) 
and RT-qPCR respectively (Panel N). Used with permission from Ning-Yuan Chen and 
Tingting Weng Mills who performed experiments and assembled data, respectively. 
Junsuk Ko contributed to the data shown in this figure by repeating the experiments in 





















Table 3.1. APA Genes in NUDT21 Knockdown Human Lung Fibroblasts 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
 
Table 3.2. The Top 20 miRNAs that lose their Binding Sites Due to the APA Events 
in NUDT21 Knockdown Human Lung Fibroblasts 





































NUDT21 overexpression reduces expression of pro-fibrotic proteins in lung 
fibroblasts 
To validate the therapeutic effect of NUDT21, we generated a NUDT21 
overexpression (OE) plasmid by inserting the human NUDT21 cDNA into a pcDNA3.1 
vector. As a control, pcDNA3.1 null plasmid was used for experiments. Primary lung 
fibroblasts successfully overexpressed NUDT21 following electroporation with the 
NUDT21 plasmids (Figure 3.4 A). The fibroblasts that overexpressed NUDT21 displayed 
3’UTR shortening on the NUDT21 target genes, such as COL1A1, TGFBR1, WNT5A, 
and FZD2 (Figure 3.4 B). In addition to the mRNA modification, their protein expression 
on the genes was reduced two days for WNT5A and three days for COL1A1 and FZD2 
after electroporation in IPF fibroblasts (Figure 3.4 A). This result suggests that the fibrotic 
















Figure 3.4. Overexpression of NUDT21 decreases Protein Expression of APA 
Target Genes and Markers of Fibrosis. Primary human lung fibroblasts were 
electroporated with pcDNA3.1 expressing human CFIm25. The cells were harvested on 
Day 2 and 3 for Western Blot analysis and RT-qPCR-based PAS analysis (Panel A and 
B). Junsuk Ko contributed to the data shown in this figure by performing the experiments 





















































































































NUDT21 reduction in fibroblasts worsens the bleomycin-induced pulmonary 
fibrosis 
To investigate the causal relationship between NUDT21 reduction and fibrosis in 
an in vivo model, we generated conditional knockout mice by crossing Col1a1-creER 
mice with NUDT21f/f mice. Although Col1a1-creER is not the best creER system due to 
the expression of col1a1 in other cell types, such as osteoblasts (222), this cre was 
chosen for the following reason; Col1a2-creER mice which are more widely accepted for 
fibroblast studies did not produce any progeny with the Col1a2-creER-NUDT21f/f 
genotype when they were crossed with NUDT21f/f, presumably due to the presence of 
those two transgenes on the same chromosome (data not shown). Nonetheless, this 
mouse system successfully allowed to conditionally delete NUDT21 in Col1a1-
expressing cells including fibroblasts upon administration of tamoxifen. Although Col1a1 
is expressed in other cell types, such as osteoblasts and odontoblasts, this Col1a1 
system has been widely used and accepted in the field to study functions of a gene in 
lung fibroblasts (223). 4-5-week-old mice were administered tamoxifen daily for five days 
to induce translocation of creER. The tamoxifen successfully reduced NUDT21 in Cre-
positive cells (Figure 3.5 A). For quantitative analysis, primary lung fibroblasts were 
isolated from control or the Col1a1-creER-NUDT21f/f mice one week after the tamoxifen 
treatment. Cre was expressed and the fibroblasts isolated from the creER-NUDT21f/f 
mice displayed significant reduction in NUDT21 (Figure 3.5 B). Consistent with the 
hypothesis, the NUDT21 depleted cells had significant 3’UTR shortening on COL1A1, 
TGFBR1, FZD2, and WNT5a mRNAs and, moreover, their protein expression was 
reduced (Figure 3.5 C). This result indicates that these pro-fibrotic genes are regulated 
by NUDT21 for their APA not only in human but also in mouse lung fibroblasts.  
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Based on this data, we further hypothesized that NUDT21 reduction in fibroblasts 
exacerbates experimental fibrosis in mice. To test this hypothesis, the NUDT21 knockout 
mice were treated with tamoxifen followed by bleomycin injection to induce lung fibrosis. 
As compared to the control mice, the Col1a1-creER-NUDT21f/f mice had increased Col1 
and FN1 protein expression, suggesting that fibrosis was worse in the NUDT21 knockout 
mice (Figure 3.5 D). Consistent with the data from the isolated lung fibroblasts, the 
NUDT21 knockout mice had elevated levels of protein for TGFBR1, FZD2, and WNT5A. 
Moreover, Col1a1 mRNA underwent more evident 3’UTR shortening in the NUDT21 
knockout mice upon bleomycin injury (Figure 3.5 E). Additional markers and assays of 
fibrosis were conducted to assess the severity of fibrosis in the NUDT21 conditional 
knockout mice. RT-qPCR revealed that FN1 and Col2a1 mRNAs were elevated in the 
Col1a1-creER-NUDT21f/f mice which were treated with bleomycin (Figure 3.5 F). 
Additionally, the Col1a1-creER-NUDT21f/f mice had increased levels of Col1 in their 
bronchial alveolar lavage fluid (BAL) as compared to the BAL from control (Figure 3.5 
G). Moreover, the accumulation of αSMA-positive cells, a marker of myofibroblasts, were 
more evident in the Col1a1-creER-NUDT21f/f mice as shown in the Masson’s Trichrome 
and immunostaining data (Figure 3.5 H). A quantitative blinded assay of fibrosis, 
Ashcroft scoring, indicated that the Col1a1-creER-NUDT21f/f mice had more severe 
fibrosis following the chronic bleomycin injury (Figure 3.5 I). These data collectively 
suggest that depletion of NUDT21 in fibroblasts exacerbates pulmonary fibrosis by 
promoting overexpression of profibrotic factors through APA. 
 Conditional knockout of NUDT21 in fibroblasts affected the pro-inflammatory 
profile in the mice. There was an increase in total number of inflammatory cells, such as 
infiltrated macrophages and lymphocytes, in the BAL fluid of NUDT21 knockout mice 
which were sacrificed 28 days after the first bleomycin treatment (Figure 3.5 J). 
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Interestingly, the NUDT21 deleted mice displayed an increase in lymphocytes at 7 days 
after the first bleomycin administration, suggesting that NUDT21 depletion may cause 


























































































Figure 3.5. Deletion of NUDT21 in Lung Fibroblasts exacerbates Pulmonary 
Fibrosis induced by Bleomycin. NUDT21 is conditionally deleted by repeated 
administration of tamoxifen (75 mg/kg) daily for 5 days. Immunofluorescent staining was 
performed to confirm the deletion of NUDT21 and the presence of cre (Panel A). In 
addition, the lungs from NUDT21 knockout or control mice were harvested for Western 
Blot analysis or RT-qPCR-based PAS analysis (Panel B and C). Following the cre 
activation by tamoxifen, the mice were exposed to PBS or bleomycin (0.035u/g) via i.p 
twice a week for 4 weeks. Then, the lungs from the bleomycin-treated mice were 
harvested for Western Blot analysis (Panel D), RT-qPCR-based PAS analysis (Panel E), 
quantification of gene expression by RT-qPCR (Panel F), Sircol assay (Panel G), IHC 
staining (Panel H), Ashcroft assay (Panel I), and BAL cell count (Panel J). In addition to 
the analysis of bleomycin-induced at a late phase, lung analysis at an earlier time point 
was performed where the bleomycin-treated mice were sacrificed 7 days after the initial 
treatment (Panel K). Used with permission from Ning-Yuan Chen and Tingting Weng 
Mills who performed experiments and assembled data, respectively. Junsuk Ko 











Conditional Knockout of NUDT21 in the late phase of fibrosis exacerbates 
bleomycin-induced fibrosis without altering inflammation. 
The chronic i.p. bleomycin model causes an early inflammatory response followed 
by fibrotic response. The previous data demonstrate that NUDT21 depletion may cause 
inflammation even in the absence of bleomycin. To minimize the effect of NUDT21 in 
inflammation during the early phase of bleomycin injury and, therefore, better understand 
their role in the fibrotic phase, cre activation was delayed until Day 15 after the first 
injection of i.p. bleo which allowed fibroblasts to delete NUDT21 in the fibrotic phase 
(Figure 3.6 A). The delayed tamoxifen successfully depleted NUDT21 protein and 
mRNAs in the lungs of knockout mice. The BAL fluid analysis revealed that there is no 
difference in inflammatory profile between Col1a1-creER-NUDT21f/f and control mice 
(Figure 3.6 B). Despite the insignificant difference in inflammatory feature, the fibrosis 
induced by bleomycin treatment was more severe in the Col1a1-creER-NUDT21f/f mice 
as shown by elevated protein and mRNAs levels of fibrotic markers, such as Col1 and 
FN1 (Figure 3.6 C and D), increased soluble collagen (Figure 3.6 E), enhanced collagen 
and myofibroblast accumulation (Figure 3.6 F), and augmented Ashcroft score (Figure 
3.6 G). Moreover, parameters on FlexiVent, which reflects lung functions, indicated that 
Col1a1-creER-NUDT21f/f mice had severe tissue damping (G), tissue elastase (H), and 
resistance (R), and decreased compliance (C), and inspiratory capacity (IC) without 
altering the Newtonian resistance (Rn) (Figure 3.6 H). These data demonstrate that 
NUDT21 reduction in the late phase of fibrosis worsens the lung fibrosis by bleomycin 


















































Figure 3.6. NUDT21 Deletion by Late Activation of Cre worsens Pulmonary Fibrosis 
induced by Bleomycin without significantly affecting Inflammation. Bleomycin was 
administered i.p. in Col1a1-creER-CFIm25f/f or control mice twice a week for 4 weeks. 
On day 15 after the first bleomycin, tamoxifen was administered i.p. to induce cre 
activation and to delete CFIm25 (Panel A). BAL fluid was harvested and used for BAL 
cell count assay (Panel B). The lungs from the CFIm25 knockout or control mice were 
used for Western Blot analysis (Panel C), quantitative RT-qPCR analysis (Panel D), 




staining (Panel F) and Ashcrost assay (Panel G). Flexivent analysis was performed to 
measure the lung functions in the mice (Panel H). Scale bar: 200 um. Used with 
permission from Ning-Yuan Chen and Tingting Weng Mills who performed experiments 
and assembled data, respectively. Junsuk Ko contributed to the data shown in this figure 






















NUDT21 depletion exacerbates pulmonary fibrosis induced by a single dose of 
oropharyngeal injection of bleomycin 
The chronic i.p. bleomycin injection model is widely used to investigate the 
features of progressive and irreversible fibrosis (210, 224, 225). However, the single 
dose of oropharyngeal administration model (OPA) induces progressive but reversible 
fibrosis in vivo (100, 225). The OPA fibrosis model was utilized to investigate the role of 
NUDT21 depletion in pulmonary fibrosis (Figure 3.6 A). Consistent with the chronic i.p. 
model, removal of NUDT21 in fibroblasts by tamoxifen induced pulmonary inflammation 
in the absence of bleomycin (Figure 3.6 B), suggesting that NUDT21 deletion may 
promote inflammation. The OPA model showed that conditional deletion of NUDT21 
fibroblasts increased the markers of fibrosis, such as Col1 and FN1 protein and mRNA 
(Figure 3.6 C and D). Furthermore, Sircol assay demonstrated that there was an 
increase in soluble collagen in the BAL fluids from the Col1a1-creER-NUDT21f/f mice 
upon OPA of bleomycin (Figure 3.6 E). Additionally, the NUDT21 knockout mice had 
increased tissue elastase and resistance, and decreased compliance and inspiratory 
capacity (Figure 3.6 F). Moreover, there was more collagen deposition and a-SMA 
positive cells in the NUDT21 knockout mice as shown in the Masson’s Trichrome and 
immunostaining (Figure 3.6 G). The Ashcroft score showed that the fibrosis in the 
NUDT21 knockout mice was more severe than in control (Figure 3.6 H). These data 
collectively suggest that NUDT21 depletion in fibroblasts worsens fibrosis established by 
single dose OPA of bleomycin.  
 Similar to the delayed cre in the i.p. model, we performed the late cre activation 
in the OPA model to understand the role of NUDT21 in the fibrotic phase. Cre was 
activated 15 days after the OPA of bleomycin (Figure 3.6 H). The delayed cre activation 
resulted in insignificant inflammatory profiles in the control and NUDT21 knockout mice, 
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which is consistent with the key result in the i.p. model (Figure 3.6 J). Nonetheless, the 
OPA of bleomycin induced more severe fibrosis in the NUDT21 knockout mice as 
compared to the control (Figure 3.6 K, L, M, N, O, and P). These data suggest that 
conditional depletion of NUDT21 in fibroblasts during the late fibrotic phase sufficiently 
worsens OPA bleomycin-induced lung fibrosis without significantly altering inflammation.  
 To further investigate the role of NUDT21 depletion in pulmonary fibrosis, we 
utilized a different cre system, Foxd1-cre, which expresses cre in precursor cells of 
pulmonary fibroblasts as Foxd1 is a marker of pericytes which give rise to a large 
proportion of Col1a1 positive fibroblasts in pulmonary fibrosis in mice (226). We noticed 
that homozygous deletion of NUDT21 using Foxd1-cre was lethal in mice. Instead, 
heterozygous Foxd1-cre-NUDT21f/f mice were utilized for bleomycin experiments. In the 
mice, NUDT21 was successfully reduced as shown by the transcript and protein levels 
of NUDT21 (Figure 3.6 Q), and the reduction in NUDT21 was associated with 3’UTR 
shortening in FZD2 and Vma21 (Figure 3.6 R). Following i.p. or OPA bleomycin injection 
and establishment fibrosis, the conditional knockout mice displayed severe fibrosis as 
compared to the control mice in both models (Figure 3.6 S, T, U, and V for the i.p. model 
and Figure 3.6 W, X, Y, and Z for the OPA model). These results suggest that reduction 
































































































































































































Figure 3.7. NUDT21 Depletion amplifies Pulmonary Fibrosis induced by a single 
Dose of Oropharyngeal Injection of Bleomycin. Col1a1-creER-CFIm25f/f or control 
mice were administered bleomycin oropharyngeally once (3.5 U/kg) after activation of 
cre by tamoxifen (Panel A). On day 21, the mice were sacrificed for BAL cell count (Panel 
B), Western Blot (Panel C), quantitative gene expression by RT-qPCR (Panel D), Sircol 
assay (Panel E), Flexivent (Panel F), IHC (Panel G), and Ashcrost assay (Panel H). In 
order to delay the activation of cre, Col1a1-creER-CFIm25f/f or control mice were first 
administered bleomycin oropharyngeally once (3.5 U/kg) followed by activation of cre 15 
days after the bleomycin injection (Panel I). On day 21, the mice were sacrificed for BAL 
cell count (Panel J), Western Blot (Panel K), quantitative gene expression by RT-qPCR 
(Panel L), Sircol assay (Panel M), Flexivent (Panel N), IHC (Panel O), and Ashcrost 
assay (Panel P). Heterozygous Foxd1-cre-CFIm25f/f or control mice were generated to 
confirm the efficiency of partial deletion. These heterozygous mice were sacrificed 
without any fibrotic injury from bleomycin to quantify the NUDT21 reduction and were 
utilized for RT-qPCR, Western Blot (Panel Q), and PAS analysis by RT-qPCR (Panel R).  
Heterozygous Foxd1-cre-CFIm25f/f or control mice were administered bleomycin 
intraperitoneally as previously described. The lungs were harvested for Western Blot 
(Panel S), RT-qPCR (Panel T), Sircol assay, BAL cell count, Ashcroft (Panel U), IHC 
staining (Panel V). Heterozygous Foxd1-cre-CFIm25f/f or control mice were administered 
bleomycin oropharyngeally once (3.5 U/kg) as previously described. The lungs were 
utilized for Western Blot (Panel W), RT-qPCR (Panel X), Sircol assay, BAL cell count, 
Ashcroft (Panel Y), IHC staining (Panel Z). Scale bars = 200 um. Used with permission 
from Ning-Yuan Chen and Tingting Weng Mills who performed experiments and 
assembled data, respectively. Junsuk Ko contributed to the data shown in this figure by 
performing the experiments for Panel F and N. 
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DISCUSSION 
IPF is a fatal lung disease with a relatively high prevalence and low 5-year survival 
rate being up to 64.7 cases per 100,000 persons and 25% respectively (4, 38). 
Fibroblasts and myofibroblasts, which are activated fibroblasts, are producers of 
extracellular matrix proteins, contributing to the development of pulmonary fibrosis. 
However, the mechanisms by which the cells overexpress profibrotic and matrix proteins 
are not fully understood. Therefore, the knowledge in the novel biological processes 
which regulate expression of pathological genes can be beneficial if the pathways are 
discovered and therapeutically targeted to halt the progression of pulmonary fibrosis. In 
this current project, we investigated the role of APA in pulmonary fibrosis and reported 
for the first time in the field of fibrosis that the reduction of the key CFIm components is 
associated with the disease (NUDT21, CFIm59, and CFIm68). We further demonstrated 
that the reduction of NUDT21 is evident in myofibroblasts from the lungs of IPF patients 
and mice with bleomycin-induced lung fibrosis, suggesting that these pathological cells 
may overexpress pro-fibrotic factors via global 3’UTR shortening and APA of mRNAs. 
Furthermore, depletion of NUDT21 was sufficient to induce 3’UTR shortening of genes 
involved in the pro-fibrotic pathways, such as Col1a1, TGFBR1, in addition to promoting 
their protein expression. More importantly, using the conditional NUDT21 knockout 
models, we showed that NUDT21 reduction in fibroblasts exacerbates the experimental 
fibrosis induced by bleomycin administration, suggesting that the NUDT21 reduction in 
the IPF patients contributes to the development of pulmonary fibrosis. In summary, we 
discovered APA and NUDT21 reduction as a novel mechanism amplifying the 
progression of pulmonary fibrosis. 
The innovation in sequencing technologies has allowed to explore untraditional 
mRNA modifications, such as alternative RNA splicing and alternative polyadenylation, 
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and their roles in human diseases (227, 228). Despite the advances in RNA-seq and 
biological importance of the mRNA modifications, the implication of APA in pulmonary 
fibrosis has not been investigated. More than 70% of human genes contain more than 
one polyadenylation site enabling to generate mRNAs with different 3’UTR lengths via 
APA (229). 3’UTR processing via APA has been implicated in many biological 
phenotypes, such as differentiation, proliferation, and tumor growth. Many of the genes 
involved in fibrosis generate mRNA isoforms with different 3’UTR lengths through APA. 
For example, TGFβ1 has two different 3’UTR isoforms generated from APA; the short 
isoform is the dominant type in various cell types and organs and is associated with more 
robust protein as demonstrated in the luciferase reporter assay (230). Moreover, platelet-
derived growth factor (PDGF), a pro-fibrotic growth factor activating fibroblasts, and 
GP130 regulating interleukin-6 trans-signaling undergo APA (231, 232). Despite the 
roles of APA on gene expression, transcriptome-wide APA analysis has not been 
investigated in the field of IPF. Our project described that NUDT21 and the other two 
components of CFIm25 complex, CFIm59 and CFIm68, are depleted in myofibroblasts 
isolated from IPF lungs of the experimental fibrosis models. Deregulation of CFIm 
components, including NUDT21, CFIm59 and CFIm68, leads to 3’UTR shortening on 
APA target genes (190). This phenomenon was first described in HeLa cells and later 
observed in cancer and stem cells as well (190, 233, 234). Similar to these findings, our 
RNA-seq analysis identified 808 transcripts with shortened 3’UTR and 29 transcripts with 
lengthened 3’UTR following NUDT21 reduction in human lung fibroblasts. This result 
indicates that NUDT21 is a repressor of proximal polyadenylation and promotes to 
generate transcripts with long 3’UTRs. The pathway analysis revealed that many genes 
in the pro-fibrotic pathways underwent 3’UTR shortening, such as TGFβ, Wnt, and HIF1A, 
suggesting that 3’UTR shortening on these genes may contribute to pulmonary fibrosis 
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via protein overexpression. The reduction of NUDT21 in IPF fibroblasts suggests that 
APA events may be associated with IPF. To validate this hypothesis further, additional 
APA analyses should be performed to characterize the APA profile in the IPF fibroblasts 
and the potential role of APA in differentiation and proliferation of pathological fibroblasts. 
In addition to regulating genes via APA, NUDT21 reduction may contribute to 
pulmonary fibrosis in other pathways. We discovered that NUDT21 depletion driven by 
Col1a1-creER or Foxd1-cre led to mild inflammation in the lungs in the absence of any 
external lung injury. We speculate that NUDT21 depletion may trigger pro-inflammatory 
pathways, such as JAK/STAT3 signaling pathway. STAT3 is an important regulator of 
inflammatory response and can be activated by multiple upstream pathways, such as IL-
6/IL-6R and WNT5A/FZD2 (210, 235). IL-6, JAK2, WNT5A, and FZD2 were found in the 
APA list and had significant 3’UTR shortening in the NUDT21 depleted fibroblasts, 
suggesting that STAT3 pathway may be responsible for the enhanced inflammatory 
response in the NUDT21 knockout mice. Another possibility for the inflammatory 
phenotype is the involvement of other Col1a1 expressing cells in the Col1a1-creER-
NUDT21f/f mice; Col1a1 is expressed in other cell types, such as osteoblasts and 
odontoblasts (236). Therefore, it is possible that depletion of NUDT21 in Col1a1 positive 
cells increases basal levels of inflammation in other organs which might contribute to 
pulmonary inflammation via circulation. Nonetheless, it is evident that NUDT21 reduction 
in fibroblasts exacerbates lung fibrosis because the Foxd1-cre system revealed that 
NUDT21 depletion in the precursors of lung fibroblasts results in worse fibrosis induced 
by bleomycin. Moreover, the data from the delayed cre activation model supports this 
hypothesis as the mice given bleomycin first and then tamoxifen still promoted pulmonary 
fibrosis without affecting the inflammatory profile in both repeated i.p. and OPA 
bleomycin models. This result clearly indicates that NUDT21 depletion in fibroblasts is 
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sufficient to promote pulmonary fibrosis without altering inflammation in vivo. Another 
phenotype we analyzed was the dysregulation of miRNAs due to the loss of their binding 
sites on 3’UTRs. Based on the data from RNA-seq, we predicted that NUDT21 reduction 
may alter the miRNA pool via global shortening of 3’UTR. Many of the miRNAs that lost 
their binding sites were involved in fibrosis or proliferation and differentiation of fibroblasts, 
implicating that the released miRNAs by NUDT21 depletion may regulate these 
pathways via miRNA-RNA interaction. Collectively, these finding indicate that NUDT21 
reduction contributes to the development of pulmonary fibrosis presumably via multiple 
biological pathways, including 3’UTR shortening, protein overexpression, miRNA 
dysregulation, and inflammation. 
APA plays important roles in cellular processes, such proliferation, differentiation, 
tumor growth, immunogenicity, and neuronal development (237, 238). For example, 
during T and B cell activation, the cells undergo differential APA events, shortening and 
lengthening, depending on the cellular stimuli and the type of affected regulators in the 
polyadenylation machinery (187, 218). Similarly, 3’UTR shortening is evident in many of 
cancer cell types, such as colorectal carcinoma, breast, lung, and transformed cancer 
cells (189, 239, 240). On the contrary, 3’UTR lengthening on transcripts is reported for 
mouse and Drosophila embryogenesis and neuronal development (241, 242). There is 
growing evidence that APA is tightly associated with cell proliferation and differentiation; 
3’UTR shortening is positively correlated with increased proliferation but negatively with 
differentiation in certain cell types (187). For example, NUDT21 depletion results in 
3’UTR shortening and increased cell proliferation in HeLa cells (190). However, 
interestingly, NUDT21 knockdown in stem cells affects cell fate without altering cell 
proliferation, suggesting that the effect of 3’UTR on cell proliferation is cell-type 
dependent (234). Consistent with this statement, we reported that NUDT21 reduction 
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decreased cell proliferation in human lung fibroblasts although the reduction was 
sufficient to induce global 3’UTR shortening (Figure 3.2). The inconsistent role of 
NUDT21 reduction in cell proliferation in different cell types may be explained by the 
intrinsic difference between cancer cells and non-cancer cells. NUDT21 reduction leads 
to overexpression of oncogenes and increased cellular proliferation in HeLa and 
glioblastoma cells where checkpoint systems and tumor-suppressors are functionally 
impaired (190). However, the activation of these oncogenic pathways following NUDT21 
knockdown in human lung fibroblasts promoted expression of p21 and p53 (data not 
shown), suggesting that tumor-suppressor genes induced cellular senescence and cell 
cycle arrest as a defensive mechanism toward tumorigenesis (243). However, this theory 
needs to be experimentally validated further. In addition to the reduced cell proliferation, 
we found that NUDT21 reduction by siRNA does not cause 3’UTR shortening on the 
mRNAs of Cyclin D1 in human lung fibroblasts, which was identified as the responsible 
factor for increased cell proliferation via APA in cancer cells. This result suggests that 
human lung fibroblasts might not over-proliferate by NUDT21 reduction because the 
genes involved in cell proliferation do not undergo APA for 3’UTR shortening in this cell 
type. There might be other factors that potentially affect the differential effect of NUDT21 
depletion, such as the presence of AU-rich element, RNA-binding proteins, miRNAs, and 
involvement of other APA regulatory factors. In summary, these findings indicate that 
global 3’UTR shortening affects cell proliferation or differentiation in various cell types, 
but its exact effect is cell and tissue dependent. 
While the primary interest of this study was to characterize the functions of 
NUDT21 in APA and pulmonary fibrosis, there are other critical factors that regulate APA 
events. Cleavage stimulating factor 64 (CstF64) and PolyA binding protein nuclear 1 
(PABPN1) were identified as the most significantly associated genes with 3’UTR 
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shortening in various cancer cells (186, 244). In addition, upregulation of CSTF64 
promotes 3’UTR shortening in macrophages exposed to lipopolysaccharide (LPS)-
stimulated macrophages and differentiating B cells (245, 246). Furthermore, antagonistic 
partners of CSTF64, such as polypyrimidine tract binding protein (PTB), Drosophila sex 
lethal proteins, and RNA-binding protein HuR, can affect APA (247–249). 3’UTR 
lengthening can occur by APA regulators. For example, reduction of FIP1 or PCF11 can 
lead to global 3’UTR lengthening in C2C12 mouse cells (250). As these key factors 
regulate APA events in cancers and cellular processes, it is important to investigate the 
molecular functions of them in other diseases where APA might play important roles for 
disease progression including pulmonary fibrosis. Moreover, in addition to fibroblasts and 
myofibroblasts, other cell types are the subjects of through investigation to reveal 
whether the cells contribute to pulmonary fibrosis via APA. 
mRNAs with shortened 3’UTRs are generally more stable than the shorter forms 
due to the lack of miRNA binding sites and RNA-binding proteins (RBP) that are 
responsible for mRNA degradation. However, there are some exceptions; a few RBPs 
on 3’UTRs enhance mRNA translation (251, 252). Therefore, a careful bioinformatic 
analysis should be performed to identify the presence of stabilizing or destabilizing 
miRNAs and RBPs in the deleted 3’UTR sequence (252, 253). This analysis can explain 
why only a small subset of APA genes are associated with enhanced protein expression 
in stem cells following NUDT21 reduction (234). In addition to the role of APA as a 
stabilizing factor of mRNAs, APA may regulate gene expression by releasing miRNAs 
from the shortened 3’UTRs and allowing the free miRNAs to target other genes (253). 
Additional follow-up studies need to be performed to further elucidate the interacting 
networks of mRNA-miRNA and mRNA-RNA binding protein following APA events in 
pathological conditions. 
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Foxd1 positive pericytes are one of the progenitor cells of Col1a1 positive 
fibroblasts as they differentiate into fibroblasts following bleomycin injury. About 50% of 
the collagen producing cells originate from the Foxd1 positive pericytes (226). Despite 
the importance of pericytes as the origin of fibroblasts, little is known about how these 
cells contribute to pulmonary fibrosis. Our study reported that heterozygous deletion of 
NUDT21 in Foxd1 positive cells is sufficient to reduce NUDT21 and promote 3’UTR 
shortening of NUDT21 target genes. Moreover, depletion of NUDT21 in the pericytes 
exacerbates pulmonary fibrosis by bleomycin administration, and this phenotype is 
associated with increased accumulation of myofibroblasts, collagen and fibronectin 
deposition, and lung remodeling which are the critical features of fibrosis. These results 
suggest that 3’UTR shortening by NUDT21 depletion in pericytes promotes lung fibrosis 
by activating and differentiating the cells into fibroblasts and myofibroblasts. Little is 
known about the molecular mechanisms driving the NUDT21 reduction in fibroblasts. 
Advanced knowledge in APA events and the regulation of NUDT21 is important as this 
information can lead to potential therapeutic treatments to halt the disease progression. 
In summary, our study characterized the role and function of a key APA complex, 
NUDT21, in the pathogenesis of pulmonary fibrosis using in vivo and in vitro models. We 
discovered that NUDT21 along with other APA components, CFIm59 and CFIm68, is 
depleted in the fibroblasts from IPF patients or mice with lung fibrosis. The reduction in 
NUDT21 was sufficient to promote global 3’UTR shortening, especially for the genes 
involved in pro-fibrotic pathways, such as TGFBR1, WNT5A, and FZD2, and results in 
worse fibrosis in the experimental fibrosis models. These findings have significantly 
advanced our understanding on the role of APA on gene expression in pulmonary fibrosis. 
This project lays the foundation for identifying critical factors in this pathway which can 
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be therapeutically targeted to halt the progression of pulmonary fibrosis and other 
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TGFb1 and NUDT21 regulation 
 In the previous chapter, we demonstrated that NUDT21 reduction causes global 
3’UTR shortening in pulmonary fibroblasts. Moreover, NUDT21 depletion promotes 
overexpression of ECM proteins and pro-fibrotic APA target genes, such as TGFBR1, 
WNT5A, and FZD2. Our conditional knockout model demonstrated that NUDT21 
reduction worsens the pulmonary fibrosis induced by bleomycin administration, 
suggesting that NUDT21 depletion in IPF patients is not just an associated factor, but 
contributes to the pathogenesis of lung fibrosis. However, the factors that lead to the 
NUDT21 reduction in fibroblasts were unknown.  
 We hypothesized that transforming growth factor beta 1 (TGFb1) may cause the 
NUDT21 reduction in fibroblasts based on its potent effect as an activator of fibroblasts. 
TGFb1 is a pro-fibrotic growth factor which is elevated in IPF patients (113). Upon 
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repeated injuries in alveolar epithelial cells, there is an increase in TGFb1 originating 
from injured epithelial cells, immune cells, and resident fibroblasts (113, 254). TGFb1 
binds to TGFb receptors leading to phosphorylation of Smad proteins which activates 
these proteins to act as a transcription factor (255). TGFb1 is important for proliferation 
and activation of fibroblasts. As demonstrated in a number of studies, TGFb1 
differentiates fibroblasts to myofibroblasts which have more active phenotypes for 
fibrogenesis (256). Furthermore, TGFb1 stimulates proliferation of fibroblasts 
contributing to accumulation of fibroblasts (257, 258). TGFb1 without any other external 
injuries or fibrotic factors can cause spontaneous fibrosis in TGFb1 transgenic mice (202) 
and antagonizing TGFb1 using monoclonal antibodies is sufficient to halt the progression 
of fibrosis induced by bleomycin in vivo, suggesting that TGFb1 is an important 
contributor of pulmonary fibrosis (259). As these results suggest, TGFb1 is important for 
pulmonary fibrosis and activation of fibroblasts. Since TGFb1 is one of the most potent 
activators of fibroblasts as the evidence demonstrated, we hypothesized that TGFb1 
causes NUDT21 reduction in lung fibroblasts. 
  
Experimental Rationale 
  APA is an important post-transcriptional regulation which affects protein 
expression of various genes by modulating the length of 3’UTRs and stabilizing 
transcripts. NUDT21 is a key regulator of APA as NUDT21 reduction causes global 
3’UTR shortening leading to enhanced protein expression (218). As demonstrated in the 
Chapter 3, a reduction in NUDT21 is found in IPF patients (201). This reduction in 
NUDT21 is associated with 3’UTR shortening in transcriptome including profibrotic 
transcripts and increased protein expression, including ECM proteins and pro-fibrotic 
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mediators. Conditional knockout mice lacking NUDT21 in fibroblasts demonstrated that 
a depletion in NUDT21 exacerbates fibrosis induced by bleomycin, suggesting that the 
NUDT21 reduction in IPF patients is an amplifier of the disease. However, the factors 
leading to a reduction in NUDT21 in fibroblasts were completely unknow. In order to 
reveal the molecular mechanisms governing the NUDT21 reduction, we screened pro-
fibrotic molecules that are associated with IPF and are known to activate pulmonary 
fibroblasts (211). The screening found that TGFβ1 decreased NUDT21 protein and 
transcripts in primary human lung fibroblasts (Figure 4.1 A). This observation led to a 
central hypothesis that TGFβ1 alters the 3’UTR of mRNA via NUDT21 reduction 
contributing to pulmonary fibrosis. First, to test this hypothesis, the TGFβ1 pathway was 
investigated in depth. We inhibited Smad3, a downstream of TGFβ1 pathway, using a 
Smad3 specific inhibitor to examine the involvement of Smad3 in the TGFβ1-mediated 
NUDT21 reduction. Due to the reduction in NUDT21 transcripts following TGFβ1, we 
investigated the impact of TGFβ1 on miRNA-mediated mRNA degradation of NUDT21. 
Furthermore, we examine the linkage between miRNA regulation and Smad3 upon 
TGFβ1 treatment. This pathway was also validated in vivo and ex vivo models, including 
TGFβ1 transgenic mice and isolation of primary fibroblasts from mice. The results of this 
chapter elucidate the molecular mechanisms for NUDT21 reduction and broaden our 









TGFβ1 downregulates NUDT21 in primary human lung fibroblasts 
To identify a pro-fibrotic cytokine that downregulates NUDT21 in human lung 
fibroblasts, primary fibroblasts (CCD8Lu) were cultured with 7 cytokines that are 
associated with pulmonary fibrosis: transforming growth factor beta 1 (TGFβ1), insulin-
like growth factor 1 (IGF1), connective tissue growth factor (CTGF), platelet-derived 
growth factor BB (PDGF BB), and interleukin 4 (IL-4), 6 (IL-6) and 13 (IL-13) for 7 days 
which allowed enough time for a response to the cytokines (210–212). TGFβ1 
downregulated NUDT21 to the greatest extent in fibroblasts (Figure 4.1 A). Next, to 
longitudinally determine the capacity of TGFβ1 to deplete NUDT21, fibroblasts were 
cultured with TGFβ1 and harvested each day for western blot analysis (Figure 4.1 B). 
NUDT21 was downregulated by TGFβ1 on day 3. CCD8Lu which was used for the 
previous experiments was a commercially available primary cell. Other primary lung 
fibroblasts isolated from 3 normal lungs were used to validate NUDT21 reduction by 
TGFβ1. It was found that NUDT21 was consistently downregulated following TGFβ1 
treatment, suggesting that NUDT21 reduction by TGFβ1 may be a general cellular 
feature in human lung fibroblasts (Figure 4.1 C). We previously reported that fibroblasts 
from IPF patients displayed reduced levels of NUDT21 (201). To determine whether 
TGFβ1 can further deplete NUDT21 in IPF fibroblasts, we treated the IPF fibroblasts with 
TGFβ1 and found that TGFβ1 additionally reduced NUDT21 in the fibroblasts that had 
high basal NUDT21 levels (Figure 4.1 D). In addition to protein reduction, NUDT21 
mRNAs were also reduced following 24 hrs of treatment with TGFβ1 in CCD8Lu cells 
and in the 3 primary human fibroblasts, suggesting that NUDT21 protein reduction 




Figure 4.1. Transforming Growth Factor beta 1 (TGFβ1) decreases NUDT21 in 
Primary Human Lung Fibroblasts. Primary normal human lung fibroblasts (CCD8Lu) 
were cultured with human recombinant transforming growth factor beta 1 (TGFb1), 
insulin-like growth factor 1 (IGF1), connective tissue growth factor (CTGF), platelet-
derived growth factor BB (PDGF BB), interleukin (IL) 4, 6, and 13 for 5 days. The protein 
lysates were harvested for western blot analysis to probe NUDT21 and b-actin protein 
levels. b-actin was used as a loading control (Panel A). The lung fibroblasts were cultured 
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with TGFb1 for up to 6 days. Alpha smooth muscle cell actin (αSMA) was used as a 
positive control for TGFb1 treatment (Panel B). Primary human lung fibroblasts from 
three independent human donors were cultured with TGFb1 for 4 days (Panel C). 
Primary lung fibroblasts from normal or IPF lungs were cultured with TGFb1 for 4 days 
followed by Western Blot analysis (Panel D). The primary human lung fibroblasts were 
challenged with TGFb1 for 2 days and then were harvested for real-time qPCR analysis. 



















miR203 targets the 3’UTR of NUDT21 
NUDT21 mRNA reduction by TGFβ1 led to the hypothesis that TGFβ1 facilitates 
NUDT21 mRNA degradation in human lung fibroblasts (Figure 4.1 E). To test this 
hypothesis, mRNA degradation assays were performed. Human lung fibroblasts were 
cultured with TGFβ1 for 9 hrs because TGFβ1 requires 24 hrs of treatment to reduce 
NUDT21 mRNA measured by real time PCR; this 9 hr time period was intentionally 
chosen to follow mRNA degradation. After treatment, the cells were incubated with 
actinomycin D, which is a transcription inhibitor, allowing only mRNA degradation to 
affect the remaining transcript levels, and the samples were harvested to measure 
NUDT21 mRNA transcript levels in TGFβ1 or control groups. The cells with TGFβ1 
treatment showed a rapid NUDT21 mRNA degradation as compared to the vehicle 
control (Figure 4.2 A). This result suggests that NUDT21 reduction by TGFβ1 is due to 
enhanced NUDT21 mRNA degradation.  
TGFβ1 upregulates various miRNAs, which can potentially affect the stability and 
degradation of target mRNAs (260–263). Therefore, it was hypothesized that TGFβ1 
downregulates NUDT21 by upregulating miRNAs that target NUDT21 transcripts. 
TargetScanHuman showed that miR-23a, miR-27b and miR203 are predicted to target 
human NUDT21 3’UTR with at least two binding sites (Figure 4.2 B). To examine 
whether NUDT21 3’UTR is indeed a target of these miRNAs, dual luciferase 3’UTR 
reporter assay was performed in vitro. In the vector, the firefly luciferase gene was 
conjugated with either human NUDT21 3’UTR, allowing the gene expression of firefly to 
be regulated by the 3’UTR. The renilla luciferase gene was used to normalize the number 
of transfected vectors in the cells. HEK293T and NIH3T3 cells were transfected with miR-
23a, miR-27b and miR203 and also with the dual luciferase vectors to monitor the effect 
of miRNAs on firefly expression. It was found that miR203 consistently decreased the 
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firefly expression in both cell types, indicating that exogenous miR203 targets the 3’UTR 
of NUDT21 to regulate gene expression (Figure 4.2 C). To assess whether these 
miRNAs can affect the endogenous protein expression of NUDT21, human lung 
fibroblasts were transfected with the miRNA mimics. Indeed, NUDT21 protein was 
significantly reduced by miR203 and miR27b mimics (Figure 4.2 D and E). Collectively, 
miR203 most consistently targeted the 3’UTR of NUDT21 and most robustly reduced 
protein levels in all experiments. Therefore, miR203 was chosen for further study. To 
examine whether miR203 elevation is associated with IPF, fibroblasts isolated from 4 
different IPF lungs and 4 healthy lungs were used for RT-PCR analysis. In the IPF 
fibroblasts, miR203 was markedly upregulated in association with an elevated αSMA 









































Figure 4.2. miR203 targets 3’UTR of NUDT21. Primary lung fibroblasts were treated 
with actinomycin D for mRNA degradation assay (Panel A). miRNAs that can target 
3’UTR of human NUDT21 were predicted by TargetScanHuman 7.1. The relative binding 
positions of the miRNAs were shown (Panel B). HEK293T and NIH3T3 cells were 
transfected with dual luciferase plasmids containing NUDT21 3’UTR behind of the firefly 
coding sequence (CDS) in the presence of miRNA 203, 23a, 27b or control. Dual 
luciferase assay was performed to measure luciferase intensities (Panel C). Primary 
normal human lung fibroblasts were transfected with miRNA control, 203, 27b or 23a and 
were cultured 2 days. The cells were harvested to probe NUDT21 protein levels (Panel 
D). Densitometry analysis was performed to quantify NUDT21 in the transfected human 
primary samples (Panel E). Primary human lung fibroblasts isolated from healthy normal 
or IPF patient lungs were lysed for RNA extraction. miR203 levels in the samples were 
measured. RNU6 was used as a normalization control (Panel F). *p < 0.05, **p < 0.01, 













TGFβ1 targets NUDT21 mRNA through miR203 
To investigate whether TGFβ1 can promote miR203 expression, human lung 
fibroblasts were cultured with TGFβ1 for up to 2 days in vitro. These experiments 
demonstrated that starting at 2 ~ 4 hrs after TGF-b treatment, increased miR203 levels 
were apparent (Figure 4.3 A), and multiple primary human lung fibroblasts showed 
TGFβ1-associated miR203 expression (Figure 4.3 B). Studies have demonstrated that 
miRNA upregulation by TGFβ1 is mediated through Smad pathways in vitro for various 
miRNAs (261–263), and Smad3 acts as a master regulator for fibrogenesis and fibroblast 
activation through phosphorylation on serine 423/425 (264). Therefore, it was 
hypothesized that TGFβ1 upregulates miR203 through phosphorylation of Smad3 on Ser 
423/425. To test this hypothesis, a commercially available inhibitor of Smad3, SIS3, was 
used. This inhibitor inhibits phosphorylation of Smad3 specifically on Ser 423/425 
residues (209). SIS3 successfully inhibited phosphorylation on Ser 423/425 on Smad3 
in human lung fibroblasts (Figure 4.3 C). Inhibition of Smad3 phosphorylation in the 
human lung fibroblasts was sufficient to reduce TGFβ1-mediated miR203 
overexpression, demonstrating that miR203 induction is Smad3 phosphorylation 
dependent (Figure 4.3 D). These results were consistent with SIS3 inhibiting TGFβ1-
mediated NUDT21 reduction in primary healthy fibroblasts (Figure 4.3 E and F). 
Moreover, the inhibition of Smad3 alone by SIS3 increased NUDT21 mRNA and 
decreased miR203 in IPF fibroblasts which had intrinsically low NUDT21 (Figure 4.3 G 
and H). These results collectively suggest that TGFβ1 elevates miR203 via Smad3 
phosphorylation. 
Since Smad3 acts as a transcription factor following phosphorylation, it was 
hypothesized that activated Smad3 transcriptionally targets a miR203 promoter to 
upregulate its expression. Based on the public ChIP-seq data from the Cistrome Project 
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and Smad3 DNA binding motif, two independent promoter regions of miR203 were 
chosen: 12k and 1.6k upstream from the miR203 transcription start site. Two sets of ChIP 
primers were designed to target these regions. In this experiment, Serpine1 was used 
as a positive control because this gene is a direct target of Smad3 (265). It was found 
that these two promoter regions were bound by phosphorylated Smad3 following 3 hrs 
of TGFβ1 treatment in human lung fibroblasts, but SIS3 decreased the Smad3 binding, 
suggesting that phosphorylated Smad3 acts as a transcription factor for miR203 
expression (Figure 4.3 I). To further investigate whether an endogenous elevation of 
miR203 following TGFβ1 treatment can regulate gene expression, GFP NUDT21 3’UTR 
reporters were generated. The GFP 3’UTR WT contained the WT 3’UTR of human 
NUDT21 following the coding sequence of GFP. However, the GFP 3’UTR mutant had 
a human NUDT21 3’UTR mutant where all three key binding sites of miR203 were 
mutated to random sequences, preventing the gene expression regulation by miR203 
(Figure 4.3 J). These plasmids were transfected in human lung fibroblasts followed by 
TGFβ1 treatment. It was found that the cells transfected with the GFP 3’UTR mutant 
were resistant to a TGFβ1-mediated GFP reduction, although the GFP 3’UTR WT cell 
showed a reduction in GFP expression as shown in Western Blot analysis and the 
densitometry (Figure 4.3 K and L). Florescent images consistently revealed that the GFP 
3’UTR WT displayed a reduction in GFP following TGFβ1 treatment, but the mutation on 
the miR203 binding sites prevented TGFβ1 induced GFP reduction (Figure 4.3 M). 
Furthermore, quantitative analysis of the images showed that TGFβ1 did not reduce the 
GFP intensity and the number of GFP positive cells in the GFP 3’UTR mutant transfected 
fibroblasts (Figure 4.3 N). These data collectively suggest that endogenous miR203 
upregulation following TGFβ1 treatment is sufficient to affect NUDT21 gene expression. 
To validate these data in a different experimental setting, dual luciferase assay was 
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performed. Three dual luciferase vectors were utilized: vectors with a stable SV40 3’UTR 
for control, human NUDT21 WT 3’UTR, and NUDT21 mutant 3’UTR with mutations in 
miR203 binding sites (Figure 4.3 O). These vectors were transfected into human lung 
fibroblasts followed by TGFβ1 treatment, similar to the previous GFP 3’UTR reporter 
experiment. Consistent with the previous data, TGFβ1 significantly reduced the firefly 
signal in the NUDT21 WT 3’UTR group but not in the mutant 3’UTR group, indicating that 
the reduction in gene expression is mediated through miR203 (Figure 4.3 P). To 
examine whether inhibition of miR203 prevents NUDT21 reduction, antagomiR, a 
synthetic miRNA inhibitor, was used (Figure 4.3 Q). Human primary lung fibroblasts 
transfected with antagomiR203 showed an increased endogenous level of NUDT21 and 
were more resistant to TGFβ1-mediated NUDT21 reduction (Figure 4.3 R and S). In 
addition, fibronectin was reduced by the antagomiR203 transfection (Figure 4.3 Q and 
R), suggesting that NUDT21 restoration through antagomiR203 prevents the activation 
of some profibrotic pathways by APA (201). Overall, these experiments demonstrate that 
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Figure 4.3. TGFβ1 targets NUDT21 mRNA through miR203. Primary human lung 
fibroblasts were challenged with TGFb1 up to 2 days (Panel A) or for 24 hours (Panel 
B). RNAs from these samples were extracted and used for miRNA measurement by RT-
qPCR (Panel A and B). Primary lung fibroblasts were pre-treated with SIS, a smad3 
inhibitor, for 30 minutes followed by TGFb1 treatment for 30 minutes and Western Blot 
analysis (Panel C). Primary lung fibroblasts were treated with TGFb1 in the presence or 
absence of SIS3 for 24 hours (Panel D and F) or 4 days (Panel E). mRNA levels of 
human NUDT21 were measured by RT-qPCR (Panel F). Primary IPF lung fibroblasts 
were treated with SIS3 only for 24 hours and were used for RT-qPCR (Panel G and H).  
Chromatin immunoprecipitation (ChIP) was performed for p-Smad3 in the primary human 
lung fibroblasts following 2 hrs of TGFb1 treatment. IgG and Serpine 1 were used as an 
antibody and a TGFb1 signaling control respectively (Panel I). A schematic view of 3’UTR 
GFP reporter (Panel J). Western blot data for GFP in the GFP 3’UTR transfected cells 
and densitometry analysis for 3 independent experiments (Panel K and L). Fluorescent 
images for human lung fibroblasts treated with TGFb1 for 4 days following transfection 
with GFP 3’UTR reporters. F-actin displays stress-fibers in the cells (Panel M). 
Quantitative data for relative GFP intensities and the number of GFP positive cells in 10 
randomly taken pictures of each group (Panel N). A schematic view of 3’UTR dual-
luciferase reporter (Panel O). The primary human lung fibroblasts were transfected with 
the dual-luciferase plasmids and were cultured with TGFb1 (Panel P). Primary human 
lung fibroblasts were pre-treated with antagomiR203, a miR203 inhibitor, followed by 
TGFb1 treatment and densitometry analysis for 4 independent experiments (Panel Q, R, 
and S). *p < 0.05, ***p < 0.001, and ****p < 0.0001 
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TGFβ1 decreases NUDT21 in mouse lung fibroblasts 
Primary lung fibroblasts were isolated from C57Bl/6 mice to examine whether 
TGFβ1 downregulates NUDT21 in vitro. Western blot analysis revealed that NUDT21 
protein was reduced following 3 days of TGFβ1 treatment in mouse lung fibroblasts 
(Figure 4.4 A). Moreover, consistent with human data, NUDT21 mRNA was decreased, 
suggesting that the NUDT21 protein reduction may be due to its mRNA reduction (Figure 
4.4 B). We previously reported that fibroblasts isolated from mice with bleomycin-induced 
fibrosis had reduced NUDT21 (201). We examined whether TGFb1 can further deplete 
NUDT21 in these fibroblasts and found that NUDT21 was depleted only in the fibroblasts 
that had relatively high NUDT21 levels (Figure 4.4 C). To investigate the role of Smad3 
phosphorylation on NUDT21 downregulation, mouse lung fibroblasts were pretreated 
with SIS3 for 1 hr, followed by TGFβ1 in the presence or absence of SIS3 for 3 days. 
Smad3 inhibition prevented TGFβ1-mediated NUDT21 reduction, indicating that TGFβ1 
downregulates NUDT21 through Smad3 phosphorylation in mouse lung fibroblasts 
(Figure 4.4 D and E). To investigate the role of miR203 in TGFβ1-mediated NUDT21 
reduction, primary mouse lung fibroblasts isolated from C57Bl/6 were treated with TGFβ1 
for 2 days and were harvested to determine miR203 levels. TGFβ1 treatment induced 
miR203 expression, suggesting that miR203 is associated with NUDT21 reduction in 
mouse lung fibroblasts (Figure 4.4 F). To further demonstrate that NUDT21 is the target 
of miR203 in mouse, miR203 mimic was transfected into mouse lung fibroblasts. 
NUDT21 was significantly downregulated by the miR203 mimic and associated with the 
increase in matrix proteins, such as collagen 1 and fibronectin (Figure 4.4 G and H). 
Similar to the antagomiR203 experiment in human primary lung fibroblasts, mouse cells 
were transfected with antagomiR203 followed by TGFβ1 treatment. TGFβ1-mediated 
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NUDT21 depletion was attenuated by antagomiR203 treatment, indicating that miR203 
is important for NUDT21 reduction in mouse lung fibroblasts (Figure 4.4 I and J). To 
verify whether TGFβ1 could deplete NUDT21 in vivo, conditional TGFβ1 transgenic mice 
were utilized. As previously reported (202), this mouse model has a rtTA-tTS controlled 
CC10 driven TGFβ1 system on a C57Bl/6 background where TGFβ1 expression is 
controlled by doxycycline water administration being secreted from club cells into 
alveolar space to induce lung fibrosis. Immunohistochemistry (IHC) for NUDT21 in the 
lung showed reduced nuclear NUDT21 in fibrotic areas from TGFβ1 transgenic mice 
compared to controls (Figure 4.5 A and B). Next, fibroblasts from TGFβ1 transgenic 
mice were isolated and harvested for quantitative analysis. The fibroblasts isolated from 
TGFβ1 transgenic mice showed a reduction in NUDT21 protein expression correlated 
with an increased expression of collagen and fibronectin (Figure 4.5 C). Densitometry 
analysis revealed that the reduction was statistically significant (Figure 4.5 D). 
Interestingly, NUDT21 mRNA was not reduced significantly in TGFβ1 fibroblasts, 
although collagen 1a1, fibronectin mRNAs, and miR203 were significantly increased 
(Figure 4.5 E and F). These findings demonstrate that TGFβ1 decreases NUDT21 in 














































































Figure 4.4. TGFβ1 decreases NUDT21 via miR203 in Mouse Lung Fibroblasts. 
Primary mouse lung fibroblasts isolated from C57BL/6 mice were challenged with TGFβ1 
alone (Panel A and B) or in the presence of SIS3 (Panel C and D) for 3 days (n=3). RNAs 
were isolated and used for mRNA and miR203 measurement in the primary mouse lung 
fibroblasts (Panel E and F). Primary lung fibroblasts isolated from C57BL/6 mice were 
transfected with miR203 mimics and harvested for WB analysis (Panel G). Densitometry 
analysis displays the result of 3 independent experiments (Panel H). The cells were pre-
treated with antagomiR203, and then challenged with TGFβ1 for 3 days (Panel I). 
Densitometry analysis displays the result of 4 independent experiments (Panel J). *p < 
























Figure 4.5. TGFβ1 transgenic mice display the NUDT21 reduction in the Lung 
Fibroblasts. NUDT21 protein was visualized by immunohistochemistry (IHC) in the 
lungs of TGFβ1 transgenic mice. αSMA and DAPI were used to show a fibrotic area and 
nuclei respectively (Panel A and B). Primary mouse lung fibroblasts were isolated from 
TGFβ1 transgenic mice for western blot, densitometry and RT-qPCR analysis (Panel C, 



















TGFβ1 differentially regulates APA in human lung fibroblasts contributing to 
increased protein expression 
NUDT21 is a key regulator of APA in human lung fibroblasts (201). To 
demonstrate that TGFβ1-mediated NUDT21 reduction also causes APA in primary 
human lung fibroblasts, cells were challenged with TGFβ1 and RNA seq was conducted. 
RNA seq data was subjected to PDUI analysis to investigate the APA pattern in the cells 
(190). The APA analysis revealed that TGFβ1 treatment differentially regulated APA in 
human lung fibroblasts showing 311 shortened and 297 lengthened transcripts (Figure 
4.6 A). KEGG pathway analysis revealed that the APA target genes in the dataset were 
enriched for pathways associated with fibrosis, such as PI3K-Akt, chemokine signaling, 
ECM-receptor interaction, and focal adhesion (Figure 4.6 B). Among the APA target 
genes, FGF14, RICTOR, TMOD2, and UCP5 were chosen for further validation because 
these genes were the common APA targets reported in our previous study (Figure 4.6 
C) (201), and these genes are important for fibrogenesis and the biology of fibroblasts 
(266–272). To further investigate APA usage in the transcripts, two sets of primers were 
designed for the RT-qPCR-based APA analysis: one set targeting CDS and the other 
targeting the distal 3’UTR of transcripts (201). The APA analysis demonstrated that 
FGF14, RICTOR, TMOD2, and UCP5 showed 3’UTR shortening both in the NUDT21 
knockdown fibroblasts and the fibroblasts challenged with TGFβ1 (Figure 4.6 D and E). 
To further demonstrate that the 3’UTR shortening is associated with increased protein 
expression, the protein levels of the 4 genes were measured by Western blot analysis in 
human lung fibroblasts treated with TGFβ1. Western blot revealed that their protein 
expression was increased following TGFβ1 treatment (Figure 4.6 F). These data 
collectively suggest that TGFβ1-mediated NUDT21 reduction promotes differential APA 
and the shortened 3’UTR by APA is associated with increased protein in human lung 
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fibroblasts. This differential APA pattern by TGFβ1 was a unique pattern that has not 
been reported previously. To further demonstrate the pathological relevancy of this result, 
fibroblasts were isolated from explanted lungs from patients with IPF and utilized for APA 
analysis. As previously reported, IPF fibroblasts had significantly reduced NUDT21 and 
elevated αSMA as shown by the Western Blot, Densitometry, and RT-PCR (Figure 4.6 
G, H, I, and J) (201). APA analysis by RNA seq on these fibroblasts revealed that IPF 
fibroblasts have differentially regulated APA patterns similar to the TGFβ1 dataset 
(Figure 4.6 K). These findings demonstrate that TGFβ1 differentially regulates APA in 
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Figure 4.6. TGFβ1 differentially regulates APA in Human Lung Fibroblasts 
contributing to the increased Protein Expression. Primary human lung fibroblasts 
were challenged with TGFβ1 for 4 days and t ghen harvested for RNA Seq. The PDUI 
algorithm was used to plot shortening and lengthening of 3’UTR for transcripts (Panel A). 
The APA genes were used for KEGG pathway analysis (Panel B). The top APA genes 
that are commonly found in the NUDT21 KD and TGFβ1 RNA seq were chosen to show 
PDUI values (Panel C). RT-qPCR-based APA analysis was performed using two sets of 
primers to measure the PAS Usage on mRNAs in the NUDT21 KD and lung fibroblasts 
that were challenged with TGFβ1 (Panel D and E). Western blot was performed to probe 
the overexpressed APA genes in the human lung fibroblasts (Panel F). Primary lung 
fibroblasts were isolated from normal or IPF lungs and used for Western Blot analysis 
(Panel G). Densitometry and RT-qPCR analysis were performed (Panel H, I, and J). The 














Table 4.1. Common APA Genes between the NUDT21 KD and the TGFβ1 dataset. 












CCDC77 -0.40491 -0.34 
 
FGF14 -0.15716 -0.445 
RBPMS -0.25331 -0.19 
 
VAMP4 -0.03612 -0.2 
WDR89 -0.250675 -0.46 
 
PDE4DIP -0.003395 -0.285 
VMA21 -0.249985 -0.565 
 
POLR1D -0.00129 -0.35 
AHDC1 -0.24954 -0.36 
 
CLUAP1 0.05069 -0.185 
C1orf159 -0.22597 -0.45 
 
FAM122B 0.07179 -0.245 
SNAI1 -0.22153 -0.25 
 
TMEM41A 0.153085 -0.275 
C1orf27 -0.211065 0.32 
 
ZNF211 0.1548 -0.26 
TMOD2 -0.207785 -0.67 
 
MAP3K13 0.15696 -0.195 
HUS1 -0.20756 -0.245 
 
RFC5 0.157425 -0.51 
TMEM186 -0.20339 -0.47 
 
KDM1B 0.16121 -0.185 
TTC39C -0.19861 -0.17 
 
ARHGEF19 0.164825 0.335 
WDR92 -0.1965 -0.3 
 
FAM91A1 0.164915 -0.48 
BCCIP -0.19292 0.475 
 
CRLF3 0.170245 -0.325 
C3orf23 -0.18958 -0.42 
 
GABPB2 0.172415 -0.27 
ABCC5 -0.18628 -0.355 
 
PTPN4 0.1741 0.28 
SLC30A7 -0.17948 -0.275 
 
DLG3 0.17895 -0.445 
LIMCH1 -0.17834 -0.545 
 
CASP6 0.187845 -0.275 
COQ10A -0.17555 -0.31 
 
SARS2 0.194615 -0.285 
LOC652276 -0.171965 0.31 
 
MSI2 0.20367 -0.285 
MAN2A1 -0.16961 -0.325 
 
COL5A2 0.20381 -0.2 
ECT2 -0.16897 0.37 
 
TPP2 0.204715 -0.24 
WDR4 -0.16556 0.36 
 
KCTD1 0.24309 -0.33 
ZNF780A -0.16145 -0.23 
 
ITGB1BP1 0.24929 0.18 
MKI67IP -0.15825 -0.215 
 




Table 4.2. APA Genes for the TGFβ1 dataset. 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.3. APA Genes for the IPF dataset. 























































































































































































































































































































































































































































































































































































































































































































Table 4.4. Common APA Genes between the NUDT21 KD and the IPF dataset. 
*  all of the genes listed in the table are statistically significant (p < 0.05) 
Gene Name IPF APA PDUI NUDT21 APA PDUI 
C3orf23 -0.19198 -0.42 
RTKN 0.20981 -0.395 
FAM179B 0.25095 -0.355 
RABEP1 0.26666 -0.34 
MSH3 -0.19887 -0.315 
FKTN -0.165576667 -0.315 
CNOT4 -0.15851 -0.305 
BCKDHB -0.166975 -0.295 
C6orf228 0.150206667 -0.295 
PDE4DIP -0.210043333 -0.285 
PDE4DIP -0.1936 -0.285 
PDE4DIP -0.193426667 -0.285 
RWDD2A -0.256806667 -0.27 
KIAA0564 -0.246743333 -0.27 
PCGF6 0.15088 -0.245 
CEP57L1 0.185425 -0.205 
STAU2 0.153646667 -0.165 
MTERFD2 0.178876667 -0.16 
DOHH 0.15117 0.24 
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LOC652276 -0.167486667 0.31 
NAPB -0.31245 0.345 
TYW1B 0.15686 0.35 
























IPF is a chronic lung disease with an unclear etiology. Among interstitial lung 
diseases, IPF is the most severe type, with a 5-year survival rate in the range of 20-30% 
(38). This poor patient outcome is largely due to the absence of effective medical 
therapies for IPF. One of the key features of IPF is abnormal fibroblast activation and 
therefore uncontrolled deposition of ECM, which impairs gas exchange across the 
alveolocapillary membrane. Although fibroblasts are one of the major cells that 
overexpress pathological ECM and profibrotic mediators, the mechanisms governing the 
protein expression are still elusive. Our study investigated a novel mechanism for the 
fibrotic gene expression in lung fibroblasts.  
Alternative polyadenylation (APA) has been recognized as a novel post-
transcriptional regulation that affects 3’UTR lengths of transcriptomes and, therefore, 
protein expression of APA target genes. NUDT21, a key protein in the polyadenylation 
machinery, has been associated with various cancer cell lines and tumor growth (190, 
244, 273–275), with previous studies suggesting that APA via NUDT21 reduction 
increases expression of oncogenes contributing to cancer progression (190). However, 
the roles and implications of APA in pathophysiology have been elusive, especially in 
non-cancer diseases. Our previous work demonstrated that IPF is associated with APA 
and NUDT21 reduction, and NUDT21 reduction exacerbates the development of fibrosis 
(201). As a follow up report, our current study identified TGFb1 as a major inducer of 
APA, a post transcriptional regulation, in lung fibroblasts via NUDT21 reduction. We 
demonstrate here that TGFb1, a profibrotic cytokine, downregulates NUDT21 in primary 
human and mouse lung fibroblasts at protein and mRNA levels. Furthermore, it was 
shown that TGFb1 elevates miR203 which targets the 3’UTR of NUDT21 via Smad3 
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phosphorylation in human lung fibroblasts. TGFb1 transgenic mice revealed that TGFb1 
reduces NUDT21 in vivo. In addition, RNA seq data demonstrated that human lung 
fibroblasts treated with TGFb1, as well as IPF patient fibroblasts, exhibited a distinctive 
APA pattern of global shortening and lengthening. Understanding the mechanism driving 
the APA in IPF is important because this novel pathway can be potentially targeted to 
halt pulmonary fibrosis. 
Several studies have demonstrated that initial injuries in alveolar epithelial cells 
are the trigger of pulmonary fibrosis in genetically and environmentally predisposed 
subjects, leading to pathological fibroblast activation (102, 254). In addition to the 
concept of epithelial injury, it has been proposed that fibrotic environments triggered 
initially by epithelial injuries constitute a self-sustaining niche for aggravated fibrotic 
progression, which is independent of epithelial injuries (138, 139). This suggests that 
pulmonary fibrosis may have two distinct phases of pathogenesis that should be 
therapeutically targeted as independent entities: initiation in epithelial cells and 
progression in fibroblasts (254). NUDT21 conditional knockout in fibroblasts does not 
induce spontaneous fibrosis in vivo as previously reported (201), suggesting that 
NUDT21 depletion in fibroblasts does not significantly cause the initial phase of epithelial 
injury or activate resident fibroblasts for pathogenesis at least at age of 6 – 8 weeks in 
mice. Interestingly, NUDT21 conditional knockout mice exhibited significantly worsened 
fibrosis upon bleomycin administration. This result demonstrates that NUDT21 reduction 
in fibroblasts may amplify the severity of fibrosis in the progression phase by 
overexpressing profibrotic mediators and matrix protein, therefore enhancing the 
establishment of a self-sustaining profibrotic niche in the micro-environment (138). 
TGFb1, as a major pro-fibrotic factor, may amplify fibrosis by down-regulating NUDT21 
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and inducing APA. 
 In this project, we reported that NUDT21 reduction is found in lung fibroblasts of 
IPF patients. The subsequent experiments revealed that TGFb1 transcriptionally induces 
miR203 via p-Smad3 to deplete NUDT21 mRNA and, thus, protein leading to APA in 
lung fibroblasts. Interestingly, this robust reduction is not found in type I or II epithelial 
cells of IPF patients as shown in the IHC staining data for NUDT21. It is presumably due 
to the possibilities that TGFb1 does not activate Smad3 pathways at least not as much 
as this molecule does in lung fibroblasts or Smad3 does not target miR203 for 
upregulation in epithelial cells. However, these speculations need to be experimentally 
proven. Interestingly, a recent report on IPF single-cell-seq revealed that NUDT21 is 
elevated in type II epithelial cells (http://ipfcellatlas.com) (276). NUDT21 is known as a 
regulator of stemness and cell fate via APA as previously discussed and a subset of type 
II epithelial cells is a local stem cell which can initiate re-epithelialization which is impaired 
in IPF (234). Therefore, the upregulated NUDT21 may have roles in the pathogenesis of 
IPF in terms of the differentiation of type II epithelial cells. 
NUDT21 is the key regulator of APA in human lung fibroblasts, and the knockdown 
of NUDT21 by siRNA is sufficient to induce global APA enriched for profibrotic mediators 
and is associated with increased protein expression (201). We previously observed a 
unique pattern of APA on the 3’UTR, primarily shortening. However, in this study, the 
human lung fibroblasts challenged with TGFb1 displayed not just shortening, but also 
lengthening of the 3’UTR through APA globally (Figure 4.6 A). This differential APA by 
TGFb1 was presumably due to the fact that TGFb1, as a potent inducer of various 
signaling pathways, regulates multiple regulators of APA, including NUDT21. For 
example, TGFb1 RNA seq data revealed that Fip1, which is another regulator of 3’UTR 
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lengthening by APA, is downregulated (186) (Figure 4.7). In addition to Fip1, TGFb1 
reduces other APA regulators that are associated with 3’UTR shortening, such as 
CFIm68 (172, 277). This unique differential APA pattern is also observed in fibroblasts 
isolated from IPF patients (Figure 4.6 K), suggesting that APA in patients is controlled 
by multiple factors, not just by a single factor. 
 
Figure 4.7. APA regulators in the TGFβ1 fibroblasts 
One of the critical features of IPF is accumulation of pulmonary fibroblasts, 
especially in the areas of fibroblastic foci which are positive for aSMA (215). These 
fibroblasts are resistant to Fas-mediated apoptosis by overexpressing decoy receptor 3 
(DcR3) which antagonizes the action of FasL in immune cells leading to inhibition on the 
clearance of the fibroblasts by effectors cells (278, 279). It has been proposed that the 
enhanced resistance to apoptosis leads to accumulation of fibroblasts. The other 
mechanism which is, in part, responsible for the appearance of accumulated fibroblasts 
in IPF is over-proliferation of the cells (280). Interestingly, there are very few proliferating 
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fibroblasts within fibroblastic foci as indicated by the weak presence of KI67 staining in 
IHC staining of IPF lungs, which weakens the importance of cell proliferation of 
fibroblasts in the pathogenesis of IPF (281). However, it is unclear whether these 
fibroblasts become non-proliferative as a result of preceding over-proliferation and, thus, 
cellular senescence. Moreover, it is possible that the few proliferating fibroblasts within 
fibroblastic foci are sufficient to drive the formation or enlargement of the foci. One of the 
goals of this project is to examine whether NUDT21 reduction promotes cellular 
proliferation of fibroblasts. However, NUDT21 reduction did not lead to cellular 
proliferation. However, considering the fact that the majority of the cells in fibroblastic 
foci shows significant reduction in NUDT21 and is, in fact, less proliferative, NUDT21 
reduction can explain the pathological phenotypes of fibroblasts, such as overexpression 
of pro-fibrotic mediators and ECM proteins. 
Patient care for IPF has been challenging due to the limited therapies for the 
disease. Drug development for IPF has been unsuccessful for decades presumably 
because the clinical drugs target only single molecular pathways associated with IPF and 
thus fail (282). Given the fact that IPF is a heterogeneous disease that has multiple 
pathogenic pathways activated, it has been suggested that drugs developed for IPF 
should target diverse signaling pathways (282). The only drugs that slow down the 
progression of IPF are pirfenidone and nintedanib, and they indeed target multiple 
signaling molecules (79, 83). Nonetheless, a definitive cure remains to be found since 
patients on these medications still show a constant decline in lung function and do not 
have a significantly improved morbidity compared to placebo groups (75, 192–194). The 
APA regulation by NUDT21 is novel and clinically important because this pathway is a 
physiological mechanism that can impact multiple pathways. NUDT21 downregulation, 
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which is also observed in IPF patients, leads to global mRNA shortening, especially 
enriched in important pro-fibrotic pathways such as Wnt, TGFb1, and VEGF signaling, 
suggesting that targeting APA through NUDT21 may be a potential therapeutic approach 
for pulmonary fibrosis. Previously, it was demonstrated that NUDT21 overexpression in 
IPF fibroblasts reduces the protein expression of pro-fibrotic mediators and ECM (201). 
In this study, it was further shown that preventing NUDT21 reduction by antagomiR203, 
an inhibitor of miR203, decreases ECM proteins and inhibits fibroblast activation.  This 
data collectively suggests that targeting APA by NUDT21 overexpression or 
antagomiR203 are potential therapeutic approaches for pulmonary fibrosis. 
In conclusion, our study demonstrated that TGFβ1 downregulates NUDT21 in 
human and mouse lung fibroblasts. The detailed mechanism includes the transcriptional 
induction of miR203 by TGFβ1 through Smad3 activation targeting the 3’UTR of NUDT21. 
In turn, lung fibroblasts challenged with TGFβ1 and fibroblasts isolated from IPF patients 
display differential APA patterns, and the shortening of APA genes was associated with 
increased protein expression. These findings unveil a novel mechanism for APA induced 
by NUDT21 depletion that is associated with deadly diseases, such as IPF and cancer. 
The results of this research will help develop innovative therapies by targeting the 









SUMMARY, FUTURE DIRECTIONS, AND CONCLUSION 
SUMMARY 
 IPF is a fatal lung disease with a poor prognosis affecting millions of lives in the 
world. The mean survival of the patients after their initial diagnosis is only 2 to 3 years 
due to the limited options for therapies, suggesting an urgent need of innovative 
therapies for IPF (38). The previous work from our lab and collaborators shows that 
alternative polyadenylation (APA) which regulates the lengths of 3’UTRs can affect the 
gene expression of APA target genes. We demonstrated that a reduction in NUDT21, a 
key subunit in the polyadenylation complex, promotes global mRNA shortening via APA 
which stabilizes transcripts and, therefore, enhances protein expression of the genes 
leading to tumor growth of glioblastoma and cell proliferation of cancer cells. In this thesis, 
we elucidated the roles of APA in the pathogenesis of pulmonary fibrosis and the key 
factors which lead to the depletion of NUDT21 in lung fibroblasts.  
 Lung samples from IPF patients revealed that there is a reduction in NUDT21 with 
an increase in fibronectin, a fibrotic marker, suggesting that NUDT21 depletion is 
associated with IPF. We found that the fibroblasts which were positive for αSMA lacked 
signals of NUDT21 although they had DAPI signals from the nuclei and the majority of 
epithelial cells still had signals for NUDT21, indicating that NUDT21 depletion is found in 
fibroblasts. For more quantitative analysis, primary fibroblasts from IPF or health lungs 
were utilized for Western Blot analysis where NUDT21, along other two CFIm complex 
proteins, CFIm59 and CFIm68, was found to be depleted in IPF fibroblasts. The chronic 
i.p. bleomycin-induced fibrosis model revealed that NUDT21 was also significantly 
depleted in the fibroblasts isolated from the mice with bleomycin-induced fibrosis in 
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addition to the reductions in CFIm59 and CFIm68. These results suggest that NUDT21 
reduction in lung fibroblasts is associated with pulmonary fibrosis. 
 In order to investigate the effect of NUDT21 reduction, NUDT21 was depleted by 
siRNA transfection in human lung fibroblasts. NUDT21 depletion increased the 
expression of ECM proteins, such as collagen 1 and fibronectin. Moreover, the reduction 
in NUDT21 promoted 3’UTR shortening in these transcripts as shown by the RT-qPCR-
based PAS usage analysis. This result suggests that NUDT21 reduction causes 3’UTR 
shortening on these ECM proteins leading to an increase in protein expression. To further 
characterize the impact of NUDT21 reduction in APA at a transcriptomic level, we 
performed an RNA-seq, followed by PDUI APA analysis. There was a global mRNA 
shortening where 808 and 29 transcripts were shortened and lengthened respectively. 
APA events were evident in pro-fibrotic pathways, such as VEGF, TGFβ1, Wnt, and 
MAPK signaling pathways. Vma21, a positive control for APA and global shortening, had 
significant APA associated with an increase in protein expression as shown in the 3’UTR 
plot, RT-qPCR-based PAS analysis, and Western Blot. Additionally, TGFβR1, WNT5A, 
and FZD2 were the targets of NUDT21 reduction, and their protein expressions were 
increased upon NUDT21 depletion. These results demonstrate that NUDT21 reduction 
causes 3’UTR shortening via APA and leads to increased protein expression for APA 
target genes.  
 To investigate the causal relationship between NUDT21 reduction and pulmonary 
fibrosis, NUDT21 was conditionally depleted in Col1a1 or Foxd1 positive cells including 
fibroblasts or pericytes, precursor cells of fibroblasts, in mice followed by induction of 
bleomycin-induced fibrosis. NUDT21 reduction in the cells consistently worsened the 
pulmonary fibrosis induced bleomycin in both o.p.a and i.p models as shown by multiple 
markers of fibrosis, including fibronectin, collagen, Ashcroft score, Masson’s trichrome, 
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and sircol assay. Furthermore, similar to the finding in human lung fibroblasts, NUDT21 
reduction caused an increased in protein expression of APA target genes, such as 
TGFβR1, WNT5A, and FZD2. NUDT21 overexpression via electroporation additionally 
demonstrated that NUDT21 reduction contributes to lung fibrosis via APA and 
augmentation of NUDT21 can be a potential therapeutic approach. Granted, further work 
needs to be performed to test the efficacy and safety of the NUDT21 therapy for IPF. 
 To identify the mechanisms which are responsible for the NUDT21 reduction in 
IPF, primary lung fibroblasts were cultured with pro-fibrotic cytokines and growth factors. 
TGFβ1 depleted NUDT21 protein and mRNAs as shown by Western blot analysis and 
RT-qPCR. The observation on a reduction in NUDT21 mRNA following TGFβ1 led to a 
hypothesis that TGFβ1 enhances mRNA degradation of NUDT21. The mRNA 
degradation assay demonstrated that indeed TGFβ1 made NUDT21 mRNA unstable. 
miR203, 23a, and 27b which were predicted to target the 3’UTR of NUDT21 were 
selected for a dual-luciferase assay and transfection experiments and miR203 
consistently targeted the 3’UTR of NUDT21 and lowered the protein expression of 
NUDT21. This miR203 was also significantly elevated in the fibroblasts isolated from IPF 
lungs. These results led to another hypothesis that TGFβ1 depletes NUDT21 via miR203. 
 To test this hypothesis, primary human lung fibroblasts were cultured with TGFβ1. 
TGFβ1 induced miR203 expression in a time dependent manner. The expression of 
miR203 following TGFβ1 was mediated through the phosphorylation of Smad3 which is 
a signaling molecule in the TGFβ1 pathway. SIS3, a specific inhibitor of Smad3, 
decreased the expression of miR203 following TGFβ1 and prevented reductions in 
NUDT21 protein and mRNA by TGFβ1. ChIP-PCR revealed that Smad3 transcriptionally 
induced miR203 by binding to promotor regions of miR203. Dual-luciferase assays and 
GFP reporter assay demonstrated that deletion of miR203 binding sites on the 3’UTR of 
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human NUDT21 prevented the TGFβ1-mediated NUDT21 reduction, suggesting that 
miR203 is responsible for the NUDT21 depletion. We further found that inhibiting miR203 
via antagomir significantly restored the levels of NUDT21 and decreased markers of 
fibrosis, suggesting that antagomir targeting miR203 can be a therapeutic approach for 
fibrosis. These results collectively suggested that TGFβ1 depletes NUDT21 by 
transcriptionally inducing miR203 and targeting the 3’UTR of NUDT21 in human lung 
fibroblasts. 
 The role of TGFβ1 in NUDT21 reduction was investigated in mouse models. The 
primary mouse lung fibroblasts which were cultured with TGFβ1 revealed that TGFβ1 
depleted NUDT21 and increased miR203 in mouse lung fibroblasts similar to the findings 
in human fibroblasts. SIS3 prevented the TGFβ1-mediated NUDT21 reduction, 
suggesting that the TGFβ1-mediated NUDT21 reduction is Smad3 dependent. miR203 
mimic depleted NUDT21 in mouse lung fibroblasts associated with increased markers of 
fibrosis. Antagomir which inhibited miR203 restored NUDT21 at basal levels and 
prevented the TGFβ1-mediated NUDT21 reduction. Furthermore, the TGFβ1 transgenic 
mice which overexpressed TGFβ1 in lungs demonstrated that TGFβ1 depleted NUDT21 
in lung fibroblasts. These results suggest that TGFβ1 depletes NUDT21 via Smad3 and 
miR203 in mouse lung fibroblasts.  
 To examine the impact of TGFβ1-mediated NUDT21 in APA, we cultured primary 
human lung fibroblasts to deplete NUDT21 and performed an RNA-seq for APA analysis. 
TGFβ1 induced differential APA in human lung fibroblasts, both shortening and 
lengthening of transcripts. This unique differential APA was also found in IPF fibroblasts, 
suggesting that differential APA may be a molecular signature of the disease. A several 
pro-fibrotic pathways were the targets of APA, such as PI3K-akt, MAPK, chemokine 
signaling, and ECM pathways. At individual gene levels, FGF14, RICTOR, TMOD2, and 
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UCP5 which were important for the biology of fibroblasts or IPF were the target of APA 
as confirmed by both the RNA-seq and RT-qPCR-based PAS analysis. Moreover, these 
APA target genes had elevated levels of gene expression following TGFβ1 treatment. 
These results revealed that TGFβ1-mediated NUDT21 reduction causes differential APA 
and leads to a robust protein expression of the APA target genes. 
 
Figure 5.1 Working model of NUDT21 reduction in pulmonary fibrosis. IPF patients 
have elevated levels of TGFβ1 in extra cellular space which binds to TGFβ receptors 
phosphorylating Smad3. The phosphorylated Smad3 with other Smad proteins acts as a 
transcription factor to induce expression of miR203 which targets the 3’UTR of NUDT21. 
NUDT21 is reduced due to the miRNA-mediated mRNA degradation leading to a 
reduction in NUDT21 protein. The NUDT21 reduction causes global mRNA shortening 
via APA and enhances translation of the pro-fibrotic pathways which are the targets of 
NUDT21 for APA contributing to pulmonary fibrosis.  
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 This project is innovative in that these findings include the knowledge in 
unforeseen pathways of TGFβ1, which is one of the most critical pathways for IPF. 
Despite the importance of TGFβ1 signaling pathway, this pathway has not been actively 
targeted as a therapy for IPF due to the potential adverse effects, such as auto-immunity 
and inflammation, although these side effects have never been reported in any of the 
previous clinical trials in cancer ((259, 283–285). The data presented in this thesis 
demonstrate that the Smad3-mediated TGFβ1 signaling pathway depletes NUDT21 to 
induce APA on pro-fibrotic genes, including TGFBR1. This pathway is an indirect 
pathway of TGFβ1 which can be potentially targeted as a treatment for IPF to prevent 
activation of fibroblasts. 
This dissertation addresses several gaps in knowledge in the field of fibrosis and 
APA in regard to the contribution of APA in the pathogenesis of pulmonary fibrosis. We 
demonstrate that NUDT21, a key regulator of APA, is depleted in IPF fibroblasts and the 
NUDT21 reduction causes 3’UTR shortening through APA leading to a robust protein 
expression of APA target genes and ultimately amplifying pulmonary fibrosis. We 
subsequently report that TGFβ1, a potent activator of fibroblasts, is responsible for 
NUDT21 reduction in lung fibroblasts. TGFβ1 transcriptionally induces miR203 which 
targets the 3’UTR of NUDT21 via phosphorylation of Smad3 leading to NUDT21 
reduction, differential APA, and increased protein expression of APA target genes. Lastly, 
we demonstrate that overexpression of NUDT21 significantly lowers expression of 
fibrotic markers and augmentation of NUDT21 via antagomiR203 not only decreases 
expression of APA target genes but also reduces production of ECM proteins, suggesting 
that targeting NUDT21 can be a therapeutic option for IPF. 
The findings of this dissertation are innovative in that a novel mechanism of gene 
expression, APA, has been thoroughly investigated. APA by NUDT21 depletion is 
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important for the pathogenesis of pulmonary fibrosis, especially in late stages of the 
disease where fibroblasts and myofibroblasts accumulate and overproduce pro-fibrotic 
mediators for progressive phenotypes. NUDT21 is a potential therapeutic target to halt 
the progression of IPF, and these therapies could significantly improve the prognosis of 
IPF patients by intervening the positive feedback system of the disease. There are a 
several unanswered questions in regard to the roles and impacts of APA in IPF as 
described in the next section. These questions need to be thoroughly investigated before 




















 The work reported in this dissertation broadens our understanding of how APA 
caused by NUDT21 reduction contributes to pulmonary fibrosis and how this NUDT21 
can be regulated by TGFβ1 and miR203 at molecular levels. Nonetheless, there are a 
few questions that remain to be answered in order to better understand the impact of 
APA in lung and other diseases.  
 
What are the transcripts significantly impacted by APA for gene expression? 
Conditional deletion of NUDT21 in Col1a1 positive fibroblasts or Foxd1 positive 
pericytes exacerbates the lung fibrosis induced by bleomycin treatment. To understand 
the worsened phenotype of these mice, we primarily focused on the role of NUDT21 
depletion in mRNA shortening and stabilization and chose TGFβ1 and Wnt signaling 
pathways for subsequent validations. However, there might be other unexplored 
pathways and transcripts which are more significantly affected by NUDT21 depletion to 
amplify pulmonary fibrosis. In order to identify the transcripts that are robustly altered by 
NUDT21 reduction, we need to perform additional bio-informatic analyses. A 
comprehensive analysis for miRNA-RNA-APA network needs to be performed because 
APA can alter the RNA network by releasing miRNAs via 3’UTR shortening or absorbing 
miRNAs via 3’UTR lengthening. Especially, there is a recent report that APA might 
modulate the network of competing endogenous RNA via its miRNA sponging effect 
(286). Moreover, more analyses need to be performed especially for the transcripts which 
undergo deletions of AU-rich elements or important binding sites for RNA-binding 
proteins through 3’UTR shortening which can significantly affect the stability of mRNAs. 
 
What role does the lengthening of 3’UTR play in pulmonary fibrosis? 
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 In this dissertation, we mainly investigated the transcripts which had the 3’UTR 
shortening via APA because NUDT21 reduction caused global mRNA shortening with 
very few transcripts lengthened. However, we discovered that IPF fibroblasts and 
fibroblasts which were treated with TGFβ1 treatment had both shortening and 
lengthening of mRNAs, suggesting that 3’UTR lengthening might be also clinically and 
pathologically important in IPF patients. One possible role of the lengthened 3’UTRs is 
to antagonize miRNAs, which interact with the lengthened part of 3’UTR, by binding and 
halting the effect of miRNAs. It is possible that the gene expression of the target gene of 
the miRNAs can increase because miRNAs can no longer inhibit the mRNAs. Another 
possible role of the lengthened 3’UTRs is that gene expression of the lengthened mRNAs 
can decrease as they are now targeted by more miRNAs. Possible candidates for these 
lengthened 3’UTR is anti-fibrotic genes as APA is implicated with more severe fibrosis. 
In order to test these hypotheses, as discussed in the preceding section, a 
comprehensive analysis for a miRNA-RNA-APA network needs to be performed. 
Additionally, anti-fibrotic genes need to be identified and examined to see whether these 
genes undergo a 3’UTR shortening in the dataset. 
 
What are the roles of other APA regulators in pulmonary fibrosis? 
We found that the IPF fibroblasts and fibroblasts treated with TGFb1 had a 
differential APA pattern, both shortening and lengthening of mRNA. This result was 
presumably due to the fact that TGFb1, as a potent inducer of various signaling pathways, 
alters multiple regulators of APA and there are many pathways affecting APA in IPF 
fibroblasts, including NUDT21. For example, we reported that TGFb1 treatment 
decreased Fip1, which is another regulator of 3’UTR lengthening by APA (186). 
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Additionally, TGFb1 depleted other APA regulators for mRNA shortening, including 
CFIm68 (172, 277). In order to identify regulatory points which can be pharmacologically 
targeted for APA therapies, each of these APA regulators might need to be investigated. 
 
Are there other mechanisms governing the NUDT21 depletion? 
In this dissertation, TGFβ1 signaling pathway has been investigated as a key 
mechanism driving the NUDT21 reduction in the pathogenesis of pulmonary fibrosis. 
However, there might be other pathways which impact the NUDT21 depletion. For 
example, our lab found that cellular senescence induced by in vitro passaging or reactive 
oxygen species can significantly decrease NUDT21 in human lung fibroblasts (data not 
shown). This result is in line with the findings that aged mice or elderly human individuals 
had significantly lower NUDT21 as compared to younger mice and humans (data not 
shown). We believe that senescence and aging are critical factors of NUDT21 depletion, 
but these hypotheses need to be further validated. Additionally, we found that hypoxia 
and activation of mTOR signaling pathways can also reduce NUDT21 levels in primary 
human lung fibroblasts. These results indicate that there is more than one pathway by 
which fibroblasts deplete its NUDT21 and that we can pharmacologically intervene to 
restore NUDT21 and to halt the progression of pulmonary fibrosis. 
 
What is the role of APA and NUDT21 in other cell types? 
 The focus of this dissertation was the role of APA in lung fibroblasts because a 
fibroblast is one of the main producers of ECM and pro-fibrotic mediators and APA is a 
newly identified mechanism promoting a robust protein expression. However, there might 
be other cell types where APA plays critical cellular roles for the pathogenesis of 
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pulmonary fibrosis. Alveolar epithelial progenitor cells (AEP) are a small group of SPC 
positive cells which can work as a muti-potent stem cell reconstituting type 2 and type 1 
epithelial cells upon lung injuries (287, 288). There is a proposed role of AEP in 
pulmonary fibrosis that pulmonary fibrosis occurs as a result of failure in re-epithelization 
by AEP during the initial stage of the pathogenesis (287, 288). NUDT21 knockdown in 
stem cells affects cell fate and its stemness (234). Therefore, it is possible that 
dysregulated NUDT21 in AEP affects the initiation of pulmonary fibrosis or modulating 
NUDT21 in AEP can enhance a re-epithelization and wound healing after lung injuries. 
We reported that conditional deletion of NUDT21 in Foxd1 positive cells, a marker of 
pericytes and fibroblast progenitor cells, exacerbates pulmonary fibrosis. However, we 
have not investigated how NUDT21 deletion affects the differentiation of pericytes to 
fibroblasts and to myofibroblasts at molecular levels. In order to examine a role of APA 
in pericytes, the cells can be isolated and can be differentiated to monitor the levels of 
APA in a longitudinal way. Moreover, NUDT21 can be knock-downed to see the effect of 
APA in pericytes in vitro. In addition to these cell types, APA might play important roles 
in other cell types, such as immune cells and vascular smooth muscle cells. For example, 
Dr. Harry Karmouty-Quintana’s group found that NUDT21 reduction in vascular smooth 
muscle cells might exacerbate the progression of pulmonary hypertension (data not 
shown). In order to examine the involvement of APA in other cell types in diseased 
conditions, IHC can be performed where specific markers for cell types and NUDT21 are 
co-stained in tissue sections of patient samples. 
 
Is there any genetic mutation where normal APA is disrupted and therefore the 
risk of IPF is increased? 
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NUDT21 depletion and APA contribute to the pathogenesis of pulmonary fibrosis 
as demonstrated in this dissertation. We mainly focused on NUDT21 reduction in lung 
fibroblasts to investigate the roles of APA in lung fibrosis. However, it is possible that 
dysregulated APA might be implicated in the disease, especially for the cases of familiar 
PF (FIPF). As previously discussed in Chapter 1, there are cases where mutations in 
polyadenylation site (PAS) are associated with genetic predispositions for disease. A 
PAS sequence for FOXP3, a transcriptional regulator for T cells, is mutated from 
AATAAA to AATGAA leading to an aberrant polyadenylation and reduced expression of 
FOXP3. This genetic mutation causes abnormal T cell development and 
immunodeficiency in the patients (176, 177). This type of SNP is found in other diseases, 
including cancer (178), neonatal diabetes (179), α-thalassaemia (180), β-thalassaemia 
(181), and systemic lupus erythematosus (SLE) (182). One common feature of these 
cases is that the loss-of-function mutation in PAS leads to reductions in transcript and 
protein levels of the beneficial genes which significantly increase the risk of the diseases. 
SNP in FIPF has been thoroughly investigated. However, the majority of these studies 
focused on SNP in coding sequences or promotors, not 3’UTR, indicating that the roles 
of genetic mutations in PAS and APA regulating regions for IPF are yet to be discovered. 
To reveal the association between mutations related to APA and FIPF, the published 
dataset which were utilized for SNP analysis can be re-analyzed for mutations in PAS 
and NUDT21 binding sites. 
 
Is there any association of APA with clinical parameters? 
 For every IPF sample used in this project, we randomized the patient samples for 
gender, age, severity of the disease, and the stability of the disease. Despite the 
randomization for sampling, NUDT21 reduction was significantly correlated with an 
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increase in fibronectin, a marker of fibrosis. However, whether NUDT21 reduction is 
correlated with actual clinical parameters, such as DLCO and FVC, is unknown at this 
point. NUDT21 can be used as a predictor of prognosis. NUDT21 reduction is a predictor 
of prognosis in the patients with glioblastoma presumably because the patient with lower 
NUDT21 display more aggressive phenotype and progression, leading to lower survival 
rates (190, 219). Therefore, similarly, it is possible that levels of NUDT21 can be used 
as a predictor for survival or prognosis in IPF patients. Additionally, given the importance 
of NUDT21 levels in protein over-expression, it is important to further investigate whether 
patients with different rates of disease progression might have different levels of NUDT21. 
It is possible that NUDT21 levels in patients explain why some patients experience a fast 
progression of fibrosis whereas others remain stable. Moreover, it would be critical to 
examine levels of NUDT21 in men and women as this knowledge potentially provides an 
answer to the significantly different susceptibility to IPF between two genders. Therefore, 
a comprehensive analysis of clinical parameters and health information along with the 
levels of NUDT21 can be performed to understand how NUDT21 reduction is related to 
the susceptibility, stability, and prognosis of the disease. 
 
Does APA play a role in other lung or fibrotic diseases? 
 NUDT21 depletion in lung fibroblasts worsens the pulmonary fibrosis induced by 
bleomycin treatment. In this dissertation, fibroblasts are the subjects of the investigation 
because this cell type is one of the main producers of ECM proteins which are the main 
component of organ fibrosis. There are other fibrotic diseases where fibroblasts play 
important roles for the pathogenesis, such as kidney fibrosis, pancreatic fibrosis, liver 
fibrosis, and skin fibrosis. Therefore, it is possible that NUDT21 depletion and APA play 
detrimental roles in the progression of these fibrotic diseases. Supporting this hypothesis, 
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our lab discovered that NUDT21 reduction in dermal fibroblasts amplifies skin fibrosis 
following bleomycin treatment (data not shown). This result suggests that NUDT21 
depletion may be a common pathway for fibrotic diseases. Therefore, other fibrotic 
diseases can be investigated for the involvement of APA. Additionally, APA might play 
key roles in other lung diseases. Emerging evidence reports that NUDT21 reduction 
affects stem cell and alters cell fate (234), suggesting that dysregulation in APA might 
be implicated in diseases where stem cells are significantly impaired. Chronic obstructive 
pulmonary disease (COPD) is an epithelial disease in that epithelial cells are severely 
injured and the regeneration of the cells is impaired. Therefore, whether aberrant APA 
impairs the regeneration of epithelial cells in COPD can be investigated. Furthermore, 
enhancing stemness by manipulating NUDT21 can be also examined to halt the 
progression of COPD. 
 
Can APA be targeted as a novel therapeutic method? 
NUDT21 reduction acts as an amplifier of IPF by shortening and stabilizing ECM 
and pro-fibrotic mediators from lung fibroblasts. Therefore, the APA pathways can be 
potentially targeted to halt the progression of the disease. We demonstrated that 
overexpression of NUDT21 via pcDNA3.1 plasmids can lower the expression of pro-
fibrotic proteins and ECM molecules. Additionally, we reported that antagomiR203, an 
inhibitor of miR203, restored NUDT21 proteins and, therefore, significantly decreased 
markers of fibrosis. These data collectively suggest that augmenting levels of NUDT21 
can be a therapeutic method for treatments of IPF. Before translating this method to the 
actual IPF treatment, more preclinical experiments need to be performed to test its safety 
as there are some potential side effects of the NUDT21 therapies. For example, a target 
of NUDT21-mediated APA is methyl CpG binding protein 2 (MeCP2) which is an 
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important regulator of neuronal survival and development (289). Overexpression of 
NUDT21 can lead to an increased susceptibility of neurons to toxin-induced cell death 
(289, 290). As previously demonstrated, miR203 is a promising interventional point 
where NUDT21 can be regulated at molecular levels as miR203 depletes NUDT21 via 
miRNA-mediated mRNA degradation. To increase the specificity of the antagomiR203 
treatment, we can utilize nano particles or lipid-based vesicles which specifically target 





















 In this project, we found the association of NUDT21 reduction with IPF using lung 
samples from the patients. Furthermore, we utilized established mouse models of 
bleomycin-induced fibrosis along with a number of in vitro systems to elucidate the roles 
and mechanisms of NUDT21 reduction in lung fibroblasts which contributes to pulmonary 
fibrosis. We demonstrated a role of NUDT21 reduction in promoting APA of mRNAs, 
leading to 3’UTR shortening and enhanced protein expression for pro-fibrotic mediators 
in pulmonary fibroblasts. Our knockout mice lacking NUDT21 in fibroblasts revealed that 
NUDT21 depletion is detrimental and worsens the pulmonary fibrosis induced by 
bleomycin, suggesting that NUDT21 reduction in IPF patients contributes to the 
progression of the disease. Moreover, we found that TGFβ1 depleted NUDT21 in lung 
fibroblasts by transcriptionally inducing expression of miR203 which targets the 3’UTR 
of NUDT21. Antagomir treatment which inhibits the activity of miR203 restored the levels 
of NUDT21 and significantly decreased the expression of ECM proteins, suggesting that 
targeting NUDT21 reduction via antagomir can be a potential therapeutic approach for 
IPF. However, additional investigations need to be conducted carefully to validate the 
effect of antagomir treatment to halt the progression of fibrosis in vivo.  
 IPF is the most common type of interstitial lung diseases, but this disease has the 
poorest patient outcome due to limited options for therapies (38). This indicates that there 
is an urgent medical need to develop innovative treatments to attenuate or even reverse 
the progression of pulmonary fibrosis. This thesis project is innovative in that a novel 
mechanism for gene regulation, alternative polyadenylation, is discovered to play a 
critical role in the pathogenesis of pulmonary fibrosis. We found that IPF patients have 
significantly decreased levels of NUDT21 in their fibroblasts, leading to the global 3’UTR 
shortening of mRNAs. A several well-known pro-fibrotic pathways are the target APA 
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which stabilizes the transcripts and enhances the protein expression leading to 
exacerbation of pulmonary fibrosis. A subsequence investigation revealed that TGFβ1 is 
responsible for the NUDT21 reduction as that potent pro-fibrotic mediator 
transcriptionally promote expression of miR203 via Smad3 to target the 3’UTR of 
NUDT21 lowering the transcripts and protein expression and ultimately leading to APA 
and amplification of fibrosis. We discovered that antagomir inhibiting miR203 prevented 
the depletion of NUDT21 by TGFβ1 and lowered the expression of fibrotic markers, 
suggesting that antagomiR203 can be a therapeutic treatment for pulmonary fibrosis. 
This hypothesis needs to be validated in multiple models of fibrosis before conducting a 
clinical trial with the antagomir to understand the specificity, safety, kinetics, and long-
term effects of antagomir-based therapies against APA for treatment of IPF. This project 
broadened our understanding of the role of APA in human disease and can potentially 
benefit other fibrotic or known APA diseases, such as liver fibrosis, scleroderma, kidney 
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